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ABSTRACT

This thesis studied the toxic effects of model inhibitory compounds present in
lignocellulosic biomass hydrolysate on the maximum specific growth rate (pmax),
biomass yield co-efficient (Yx/s) and total growth time (Tt) on S.cerevisiae DSM 1334.
These toxic compounds are formed or released during pre-treatment of lignocellulosic
biomass, which is a renewable source of energy for biofuel production. The main and
interaction effects of furfural, furfuryl alcohol, ferulic acid and p-coumaric acid were
quantified using a fractional factorial design in combination with a high-throughput
assay based on automated online optical density measurements. Furfural had the
largest effect on all the three response variables, although the other compounds also
had significant impact. Linear statistical models were developed and validated for pmax
and Tf, which were used to create a suitable framework for developing a polymer-based
removal system to mitigate the inhibitory effects of these compounds. Eight different
polymers were screened for this purpose, and it was observed that styrenepolyvinylbenzene (XAD-4), low-density polyethylene (LDPE) and poly(l,4-phenyleneether-ether-sulfone) (PEES) had the maximum affinity towards the compounds. A case
study for the removal of furfural from aspen wood chip hydrolysate was investigated to
study the effect of increasing polymer mass on pmax.

Keywords: Lignocellulosic biomass, high-throughput screening, factorial design,
response variables, inhibitors, polymer, mitigation
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1.1

INTRODUCTION

Renewable Feedstocks for Biofuel Production
Although fossil fuels are expected to remain an integral part of day-to-day lives for

several decades, there is major emphasis on harnessing renewable sources of energy for
biofuel production. A renewable energy source is one that will replenish itself in a short
span of time. The type, production conditions, location of production and processing of
renewable feedstocks have vast economic, environmental and social implications when
utilized in a large scale. Accordingly, the current interests in renewable fuels are driven
by political (energy security, various interest groups), economical (local farming sector
vs international resource exploration), social (strengthening rural economy) and
environmental concerns (proposed link of fossil fuels to global warming) [1].

Even though there are a large number of renewable sources available, this thesis
concentrates on the use of plant biomass material as a renewable source of energy for
liquid biofuel production [2, 3]. Plant biomass material is an abundant source of
fermentable sugars and is comprised of nearly 75% polysaccharides [4], This could be
converted to ethanol and used as a liquid transportation fuel. Moreover, since this
represents carbon neutral source of energy, there is constant interconversion from one
form

o f carbon to the other through a process known as carbon recycling.

Lignocellulosic biomass is one such renewable source of energy that has the vast
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potential to be used as a raw material for the production of liquid biofuels such as
ethanol and butanol [1].

Fuels produced from lignocellulosic derived feedstocks can either be obtained via
thermochemical methods or fermentation [2], From a thermochemical point of view,
the simplest method is direct combustion of biomass; however it is not a clean method
since it leaves behind large quantities of solid residues. Alternatively, syngas can be
derived by thermal gasification of biomass and is presently used to make a variety of
fuels and chemical intermediates [5]. Another method is pyrolysis, which is essentially
the thermal degradation of biomass under anoxic conditions to produce charcoal, bio-oil
and various gaseous products. These products in turn have a wide range of applications
[ 6].

Although thermochemical processes have their own advantages [7-10], all future
discussions in this thesis pertain to the use of biomass as a potential feedstock for the
fermentative production of biofuels.

1.2

Examples of Lignocellulosic Compounds Used for Fermentative
Biofuel Production
Various lignocellulosic materials have the potential to be used as feedstocks for

biofuel production. Typical examples are short rotation forest crops (eucalyptus),
perennial

grasses

(switchgrass)

and

residues from the

wood

and

agricultural
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industry [1], Switchgrass can even be grown on waste and marginal lands, thus making it
possible to reclaim them in the process. However, experiments by Qureshi et al. [11]
showed that untreated switchgrass hydrolysate was poorly fermented by C.beijerinckii
P260 and resulted in not more than 1.48 g/L of total ABE (acetone-butanol-ethanol). The
maximum ABE concentration that was produced was 14.61 g/L when the hydrolysate
was diluted two-fold with water.

From a compositional viewpoint, corn fibre consists of starch (20%), cellulose
(14%) and hemicellulose (35%). Saha et al. [12] investigated various pre-treatment
procedures for the enzymatic saccharification of corn followed by fermentation into fuel
ethanol. The hemicellulose fraction has to be removed which can be commercially
achieved via procedures utilized in the pulp and paper industry such as dilute acid
hydrolysis.

Prior to fermentative conversion, the cellulosic fraction

is typically

hydrolyzed with commercial enzymes such as cellulase and (3-galactosidase.

Qureshi et al. [13] used acid and enzyme hydrolyzed corn fibre for biobutanol
production using C.beijerinckii BA 101. ABE (acetone-butanol-ethanol) fermentation in
non-detoxified sulphuric acid pre-treated corn fibre hydrolysate resulted in a maximum
cell concentration of 0.75 g/L when compared to 3.37 g/L in the glucose control, thus
suggesting the presence of inhibitors. The culture did not produce more than 1.7 g/L of
total ABE. However, when this hydrolysate was detoxified with XAD-4, a commercial
polymeric resin, the production of ABE improved to 9.3 g/L with a solvent yield of 0.39.
Hence, these studies demonstrate the potential of corn fibre hydrolysate as a suitable
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fermentation substrate, albeit with the presence of inhibitors that requires removal
and/or mitigation.

Another interesting outcome with the same organism was the use of starchbased waste packing peanuts and agricultural waste for biobutanol fermentation. With
packing peanuts as the carbon source in a semi-defined P2 growth medium, 21.7 g/L of
ABE was produced with a yield of 0.37 [14].

1.3

Drawback Associated with using Lignocellulosic Biomass
From a structural viewpoint, lignocellulosic biomass is primarily composed of

cellulose, hemicellulose and lignin, which are the structural components present in most
plant cell walls [4]. Although these compounds represent a potential source of
fermentable sugars, they are non-usable in their native form since fermenting microbes
cannot directly assimilate these compounds. The biomass needs to undergo a suitable
pre-treatment procedure such as dilute acid hydrolysis, enzymatic pre-treatment, ionic
liquids, auto-hydrolysis or a combination of these methods to break down the
compounds into simpler constituents.

However, a number of inhibitory compounds are released or produced when the
lignocellulosic material encounters various reaction conditions such as low pH, high
temperature, etc. during these pre-treatment procedures [15-18].
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These compounds are toxic to fermenting microorganisms such as yeast and
bacteria, significantly reducing the yield of biofuel, biomass as well as the growth rate of
the organism [8, 9, 19, 20]. The degradation of the lignin fraction results in the release
of a number of aromatic compounds or phenolics such as catechol, pyrocatechol,
guiacol, etc.

Furan derivatives, which include but are not limited to, furfural,

hydroxymethylfurfural, furfuryl alcohol etc. are also commonly found in lignocellulosic
biomass hydrolysate which are a result of both pentose and hexose sugar degradation.

Thus, it becomes essential to develop an experimental framework to quantify
these inhibitory effects and design a suitable system to remove or mitigate the toxic
effects of these compounds on yeast and bacteria in order to use lignocellulosic based
feedstocks for fermentative biofuel production.

1.4

Importance of High-Throughput Assays (HTA) for Quantifying the
Toxic Effects on Cells
Due to the large number of compounds that are associated with lignocellulosic

biomass hydrolysate, both in terms of structural heterogeneity as well as the actual
number [8], it becomes extremely time-consuming to quantify the effects of these
compounds using conventional fermentation methods which employ shake-flasks and
bench-scale bioreactors. It is this particular fact that was the main motivating factor for
trying to develop a high-throughput assay (HTA). The HTA that has been used in this
thesis

for

quantifying

the

effects

of

these

microbial

inhibitors

on
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S. cerevisiae (baker's yeast) was performed at micro-scale in 96-well mlcrotitre plates
based on online optical density (OD) measurements. Each well of the microplate was
essentially a "micro-reactor".

1 2 3 4 5 6 7 8 9 10 11 12

B•
C#
D £

• •

B•
G 4
H •

•

Figure 1-1: Schematic of a 12x8 microplate showing all 96 wells [21]

1.5

Relevance of Statistically Designed Experiments for Studying the
Effect of Inhibitors on Micro-organisms
While studying the effect of two or more factors on a response variable, a

common mistake that Is committed is keeping all the factor levels fixed while varying
only one of them. The biggest drawback with this one-factor-at-a-time approach is that
the experimenter will usually be far away from the true optimum, since it does not
consider interaction effects amongst the factors [22J. In order to understand or study
them, the factor levels have to be varied simultaneously. It is in this context that
factorial designs play an Important role.
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2k designs are the most commonly used factorial designs, 2 being the number of
levels and k being the number of factors. These are particularly useful for initial
screening experiments when a large number of factors are involved. Since there are only
two levels for each factor, one would have to assume that the response is
approximately linear over the range of factor levels chosen. Further experiments can be
conducted with more powerful designs, such as a central composite designs, Tauguchi
methods, etc.

However, as the number of factors increase, conducting even a single replicate of
the factorial design will involve a large number of experiments. At times, the primary
interest might be in the main and two-factor interaction effects rather than higher-order
interactions. For such cases, a fractional factorial design can be used [22]. The fraction
number will depend on the original number of runs in the full factorial design as well as
other physical and experimental constraints.

Thus, while performing experiments to study the effect of lignocellulosic biomass
hydrolysate compounds on 5. cerevisiae, high-throughput assays in concurrence with
factorial designs were used.

1.6

Param eters that can be Analyzed as Response Variables
Since the high-throughput assay described in the preceding section is based on

online OD measurements, the following sub-sections examine the various response
variables that can be analyzed based on OD readings. The parameters chosen to be
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analyzed were the maximum specific growth rate which can be obtained from the
exponential growth phase, the overall biomass yield, calculated as the difference
between the initial biomass concentration and the final biomass concentration in the
stationary phase, and the total growth time. A typical growth profile showing the
various phases can be seen in Figure 1-2 .

Figure 1-2: Typical phases of growth for S. cerevisiae [23]

1.6.1 Specific Growth Rate
The specific growth rate is a way of measuring how quickly a particular microbial
species is multiplying under a given set of conditions. It is defined as the increase in
biomass per unit time per unit biomass concentration. Mathematically, this can be
written as:

1 dX

( 1. 1)
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where,
p is the specific growth rate (h'1)
X is the biomass concentration (g/L)
t is the time taken (h)

After subtracting the OD of the blank (media), the OD of the cells (at low values)
is directly proportional to the biomass concentration and hence equation 1.1 can be re
written as:

_ 1 d(QD)
^ ~ OD dt

(

1. 2 )

This would enable OD to be directly used for the calculation of specific growth rate (p).

1.6.2

G ro w th Time and Yield Coefficients

The total growth time is the duration from the time of inoculation to the end of
the exponential phase (cessation of growth). Depending on the concentration of the
inhibitors as well as their chemical nature, some of them may introduce an additional
lag time during the growth cycle in addition to the usual lag that exists when microbes
are inoculated into fresh medium, thus increasing the total time. However, it is
important to note that a longer lag phase caused by an inhibitor may not necessarily
reflect a change in other biochemical parameters such as growth rate [24],

Yield coefficients are intrinsic parameters that describe the quantity of products
formed for every unit quantity of reactant consumed. One such parameter is the

10
biomass yield co-efficient (Yx/s), which is defined as the ratio of the concentration of
biomass formed at the end of the growth cycle to the concentration of substrate added.

Since carbohydrate fermentation involves ethanol production, ethanol yields
(Yeioh) would be a good way of assessing as to whether inhibitors affect any of the major
enzymes involved in the fermentation pathway. There have been instances where a
microbial inhibitor has caused a decrease in growth without affecting the ethanol yield.
For example, 5 mM ferulic acid caused a 61% reduction in growth for 5. cerevisiae,
whereas the YEtoH was the same as that in the control [18]. On the contrary, 10 mM
furfural reduced the ethanol yield by 80% forS. cerevisiae CBS 1200 [7].

Since online estimation of ethanol concentration was not possible with the given
experimental set-up,

1.7

Y Et0H this

was not considered as a response variable in this thesis.

Mitigation of Toxic Effects using Polymers
Due to the number of toxic effects of lignocellulosic biomass hydrolysates on

fermenting species, it was proposed to develop a suitable removal system in order to
reduce the concentrations to sub-inhibitory levels. Although there are multiple
strategies available such as activated carbon based removal, biological mitigation using
enzymes, overliming, etc, this thesis focussed on polymer-based removal systems due to
their several advantages.
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1.7.1 Advantages of Polymer-Based Removal Systems
One of the main benefits of using polymers is the mild operating conditions
required for removing the target compound. Unlike some methods such as overliming
which warrant the use of strong acids and bases [25], using polymers do not require the
application of harsh chemicals. Most adsorption experiments are typically carried out at
ambient conditions of temperature and pressure which make them less energy intensive
and more economically feasible. Many polymers are highly specific towards the target
compound with a great deal of affinity, thus making it easier to design an effective
removal system [26, 27].

Desorption is also an essential step not only to regenerate the polymer but also
to recover the adsorbed compounds. For example, furfural, which is an inhibitory
compound present both in wastewater streams as well as in lignocellulosic hydrolysates,
has good commercial value since it is a raw material used for the manufacture of a
number of resins and plastics [28]. These compounds can be easily recovered by using
inexpensive solvents such as deionized water, acetone, ethanol, methanol, etc.

1.7.2 Desirable Properties and Characteristics of Polymers
Rehmann et al. [29] have outlined a number of important properties while
selecting polymers for the removal of target compounds. High affinity is one of the key
properties that is based both on chemical and physical characteristics. Especially from a
commercial viewpoint, a low cost polymer that has the potential to be regenerated
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several times would be highly desirable. Polymers used as delivery phases in two-phase
partitioning bioreactors should be non-toxic towards the degrading microorganisms.

Particularly when using polymers in column mode, it is important to ensure that
they are stable over a fairly wide range of operating conditions within practical limits,
more so with respect to pH and temperature [30, 31], Lignocellulosic biomass
hydrolysate also contains a large proportion of fermentable sugars. From a practical
viewpoint, a polymer with minimum affinity towards sugars should be selected.

1.8

Need for Further Research
Lignocellulosic biomass is expected to become a commercially utilized feedstock for

biofuel production. The quality and composition of the feedstocks in commercial biofuel
plants will not be consistent due to seasonal differences and locally changing feedstock
availability [1], Pretreated feedstocks will show different profiles of inhibitors and a
detailed understanding of the combined effects of these inhibitors will be required to
anticipate the conversion performance and to decide on inhibitor removal steps.
Although high-throughput methods and factorial designs are effective tools for
quantifying the toxic effects of inhibitors on microorganisms, the existing research in
these areas suffered from a number of drawbacks and limitations (Section 2.5). In order
to overcome these limitations, this thesis examined the simultaneous effects of multiple
inhibitory compounds on S. cerevisiae by implementing a factorial design in combination
with a high-throughput assay. This allowed the quantification of both main and
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interaction effects amongst the inhibitors (factors) in addition to using replicates for the
experimental treatment combinations, thus allowing for better accuracy.

Polymers have previously been

used for reducing the levels of various

contaminants in wastewater streams. However, they have not been widely applied to
mitigate the toxic effects of inhibitors in lignocellulosic biomass hydrolysates. Hence, the
main emphasis was to use polymers that possessed various functional groups that are
typically present in low-cost recyclable materials in order to assess whether they
exhibited affinity towards the target compound.
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2

2.1

LITERATURE REVIEW

Sectional Overview
The following literature review discusses the use of lignocellulosic biomass as a

potential feedstock for the fermentative production of ethanol. The first section
examines the structural components present in typical plant material followed by a brief
overview of the types of inhibitory compounds that are released during various pre
treatment processes. The impact of these compounds on the growth and fermentability
by ethanologenic species is critically examined in the next section with importance given
to the types of compounds that typically inhibit various biochemical parameters as well
as their mechanisms of inhibition.

Since one of the main objectives of this thesis was to quantify the impact of
biomass degradation products on yeast using a high-throughput assay in combination
with a factorial design, the current status of these areas along with their limitations will
also be discussed. Various types of detoxification methods will also be presented that
are used to mitigate the toxic effects of these compounds, with emphasis on polymerbased removal systems.
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2.2

Lignocellulosic Biomass as a Renewable Feedstock
One of the main controversies associated with the production of first generation

biofuels is the use of food-derived feedstocks, such as sugarcane, corn, wheat, etc. All
these crops are an abundant source of fermentable carbohydrates. However, diverting
them for fuel production can potentially lead to escalation of food prices and a
mismatch between supply and demand [1]. With the advent of second generation
biofuels, non-food crops began to be used as feedstocks and thus acted as a potential
replacement for food sources. As mentioned in Chapter 1, lignocellulosic biomass is one
such renewable source of energy that has gained a lot of popularity, especially plant
biomass.

The main component present in lignocellulose is a compound known as
hollocellulose. It comprises nearly 60-70% of the plant cell wall and is made of cellulose
and hemicellulose. Cellulose is a polymer of (3-D glucose linked by (3 (l->4) glycosidic
linkages. Hemicellulose is composed of various sugars, such as xylose, arabinose,
mannose, galactose and glucose. The relative proportions of each compound depend on
the source of the plant material [32].

Lignin is another major component that gives plants their rigidity. It is a co
polycondensate of dehydrogenated products obtained from the lignin monomers, pcoumaryl alcohol, coniferyl alcohol and sinapyl alcohol. There are three distinct aromatic
rings, designated by three different letters, which are present in monomer residues. The
ratios of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) residues decide the degree of
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"hardness" and vary depending on whether the plant is a softwood, hardwood or other
plant variety. Herbaceous plants such as grasses, in addition to the monolignols
mentioned earlier, also have p-hydroxycinnamic acids integrated into their lignin [33].
Other components that are typically associated with plant material are silica and alkali
salts, pectin, proteins and starch. Wood materials have low ash contents (<1%) and
typically contain varying quantities of secondary metabolites such as resins, terpenes,
phenols, quinines and tannins.

Thus, it is clearly evident that plant biomass material is structurally very complex
when compared to simpler feedstocks like corn and starch, thus making it essential to
introduce a suitable pre-treatment step in order to break down the structural
constituents into assimable carbohydrates that can be fermented by bacteria and yeast
into biofuels.

2.3

Compounds Released/Formed During Biomass Pre-Treatment
The types of compounds that are formed depend not only on the type of biomass

itself, but also on the reaction conditions such as temperature, pH, time, pressure,
presence of catalysts, etc. [8].

Compounds such as furfural and furfuryl alcohol are formed due to pentose sugar
degradation under highly acidic conditions. Hydroxymethylfurfural is also formed under
severe acidic pre-treatment conditions, but this is a result of hexose sugar degradation
unlike in the former case [34], Acetic acid is found in nearly all hemicellulose
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hydrolysates primarily due to acetylation of hemicellulose [35] and lignin [36]. Formic
acid is formed due to sugar and lignin degradation, whereas levulinic acid is formed by
5-hydroxymethylfurfural degradation [37],

The compounds arising out of pentose sugar degradation belong predominantly to
the class of furans. The aromatic compounds present are dependent on the type of pre
treatment as well as the ratios of the H (p-hydroxyphenyl), G (guaiacyl) and S (syringyl)
compounds present. The phenols that are present can be divided on the basis of their
functionality (aldehydes, ketones, acids, etc.) as well as their degree of methoxylation
(H,

G,

S).

Amongst

the

phenols

liberated,

the

dominant

compounds

are

4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, vanillin, syringaldehyde, etc. Coumaric
acid and ferulic acid are produced during hydrolysis of esterified hemicellulose and
lignin [38]. These cinnamic acid derivatives are also formed during wet alkaline oxidation
of wheat straw.

Table 2-1 shows some of the major compounds found in typical lignocellulosic
biomass

hydrolysates

along

with

their

octanol-water

partitioning

coefficients.
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Table 2-1: Typical Inhibitory Compounds Released During Biomass Pre-treatment

C O N C E N T R A T IO N (g /L)

Acetic Acid

0-10

-0.170

[39]

Syringic Acid

na1

1.040

[17]

4-hydroxybenzoic acid

1-2

1.580

[39]

Catechol

1-2

0.880

[10]

Guaiacol

na

1.320

[10]

Furfural

1-5

0.410

[28, 40]

Hydroquinone

na

0.595

[10]

5-hydroxymethyl furfural

0-3

-0.370

[19] [28]

Syringaldéhyde

na

0.990

[9]

Vanillin

1-3

1.210

[28]

Furfuryl Alcohol

1-8

0.280

[10]

Methylcatechol

na

1.370

[9, 10]

Coniferyl Alcohol

na

0.790

[10, 17]

Ferulic Acid

0-3

1.51

[19, 41]

p-Coumaric Acid

0-3

1.59

[19, 41]

REFEREN CE

"*

lOgP octanol/water

». » " ****

COM POUN D

Impact of Biomass Hydrolysates on Ethanologneic Species
A

2.4

It has been suggested that the toxic effects of these inhibitors may be due to the
binding of the compounds on a hydrophobic target of the cell, but not necessarily the
cell membrane [9], The toxicity has also been attributed to the relatively non-polar
nature of the compounds.

1 Not available
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2 .4.1 Eschericia coli
Genetically engineered strains of E. coli have found applications as biocatalysts
for fermentative ethanol production. Zalvadir et al. [9] have done extensive research on
the toxic effects of various lignocellulosic biomass hydrolysate inhibitors on E.coli LY01,
an ethanologenic biocatalyst engineered to ferment the mixed sugars in hemicellulose
syrups.

Amongst the furan compounds, furfural was found to be more toxic when
compared to furfuryl alcohol, whereas 4-hydroxybenzaldehyde was found to be the
most potent amongst the aromatic aldehydes. Binary combinations of the aldehydes
were also tested to determine both additive and synergistic effects. When furfural was
combined with the other aldehydes, all the combinations were found to be synergistic,
resulting in more than 75% inhibition of growth. However, the other combinations were
additive with approximately 50% inhibition [9]. It is important to note that none of these
compounds resulted in the leakage of intracellular magnesium in spite of testing them
at sixfold their respective MIC (minimal inhibitory concentration) values for growth. This
showed that the mode of toxicity was not due to the leakage of intracellular
components resulting from cell membrane damage.

Organic acids inhibited ethanol production by LY01 during batch fermentations
primarily by inhibiting the growth of the biocatalyst as opposed to interference with
fermentative pathways such as glycolysis [17].
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2 .4 .2

Zymomonas mobilis
Z. mobilis is another ethanologenic species of bacteria that is of particular interest

in both industrial and academic research applications since it has higher ethanol
tolerance when compared to S. cerevisiae [42],

Studies on Z. mobilis ATCC 10988 showed that hydroxybenzaldehyde had strong
inhibiting effects on glucose fermentation at a concentration of 0.5 g/L. It was
interesting to note that the number of methoxyl groups substituted on the aromatic ring
was closely related to toxicity of lignin-derived components [7]. Overall, this bacteria
showed higher potential for both ethanol and cell biomass production compared to
5. cerevisiae [42].

Experiments used to study the effects of the inhibitors using a high-throughput
assay indicated that the growth rate decreased with increasing inhibitor concentration.
8 g/L of 5-hydroxymethylfurfural lead to 100% inhibition. It was also observed that there
was good reproducibility between the wells. For the case of furfural, only 5 g/L of the
compound was enough to completely inhibit the cells. It was more toxic toward
Z. mobilis growth both on molar and mass basis. Acetate also inhibited the cells at
concentrations more than 10 g/L, with a dramatic drop in the growth rates [24],
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2 .4 .3

Y e a s ts
Yeasts are unicellular fungi which are easier to cultivate both at lab and

industrial scale and hence are widely preferred as fermentative ethanol producers. They
also have simpler nutritional requirements.

S. cerevisiae CBS 1200 was inhibited by furfural, hydroxmethylfuraldehyde and
vanillin even at low concentrations of 0.5 g/L [7]. Reports by Banerjee et al. [43] have
justified that the decrease in growth and ethanol production is in all likelihood due to
the action of furfural on key glycolytic enzymes such as alcohol dehydrogenase.
However, this strain was capable of adapting to high levels (concentrations) of
hydroxmethylfuraldehyde and vanillin.

Larsson et al. [18] studied the influence of lignocellulose-derived aromatic
compounds on oxygen-limited growth and ethanolic fermentation by S. cerevisiae. The
inhibition of hydroxyl-methoxybenzaldehydes was highly dependent on the positions of
the substituents. With respect to quinone, the oxidized form had a higher inhibitory
effect when compared to the reduced form. Together with coniferyl alcohol,
dihydroconiferyl alcohol was identified as a major transformation product of coniferyl
aldehyde.

Palmqvist et al. [39] used factorial designs to study the inhibitory effects of
furfural, p-hydroxybenzoic acid and acetic acid on three yeast strains. The details of
these findings will be discussed in Chapter 4.
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Delgenes et al. [7] showed that the intensity of inhibition was closely related to
the initial concentration of tested inhibiting molecules for both P. stipitis and
C.shehatae.

The

high

toxicity

of

vanillin

towards

these

xylose-fermenting

microorganisms has been reported earlier [44]. The ethanol production by P. stipitis
CBS 5776 in the xylose fermentation with 0.09 g/L of vanillin was 2.2 times lower
compared to that of the control [44], On the contrary, acetate was less toxic to both
strains.

2.5

Limitations and Drawbacks of Existing Methods for Quantifying the
Effects of Microbial Inhibitors
Due to the large number of toxic compounds that are released during biomass

pre-treatment, it becomes important to simultaneously quantify the inhibitory effects of
these compounds. Although both high-throughput assays and factorial designs have
been used in this regard, there are a number of shortcomings with these methods and
hence this section investigates their current status along with the limitations.

2.5.1 High-Throughput Screening
The importance of using high-throughput screening has been emphasized in
Chapter 1. Franden et al. [24] developed a high-throughput method to evaluate the
impact of inhibitory compounds from lignocellulosic hydrolysates on the growth of
Z.

mobilis

8b

based

on turbidometry

measurements.

The

effect

of furfural,
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hydroxymethyl-furfural, acetate and ethanol were quantified with glucose being the
carbon source. Growth curves of Z. mobilis 8b were determined using a Bioscreen CMBR
analyzer on 100-well sterile honeycomb plates with covers for multiple measurements
of microbial growth curves.
The parameters that were analyzed in the high-throughput assay were IC50 (halfmaximal inhibitory concentration) values, MIC (minimal inhibitory concentration), lag
time, growth rate and final cell density, since all these parameters could be assessed
based on online optical density measurements.
However, this experiment suffered from a number of drawbacks. Firstly, a
correction factor accounting for non-linear response (between optical density and
biomass concentration) and high background absorbance had to be taken into
consideration due to high cell densities. Secondly, a large number of experiments
needed to be conducted in order to obtain various inhibitory concentrations. Lastly, the
interaction effects amongst the compounds were not considered, which was another
shortcoming with this method.

2.5.2 Statistically Designed Experiments
Palmqvist et al. [39] used factorial designs to study both the main and interaction
effects of lignocellulosic biomass inhibitors on three yeast strains, namely 5. cerevisiae
(baker's yeast), 5. cerevisiae ATCC 96581 and Candida shehatae NJ 23. A 23 full factorial
design with centre points was used to quantify the effects of acetic acid, furfural and
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p-hydroxybenzoic acid. However, they were performed under non-sterile conditions,
which could have possibly introduced unknown factors.
Only a single replicate of each corner point in the design was carried out, which
resulted in poor estimates of the experimental error [22]. The reason for carrying out a
single

replicate

can

be primarily

attributed to the experimental

set-up. The

fermentations were run in 25 mL flasks sealed with rubber stoppers containing syringes
to vent C 0 2. Frequent sampling could not be accomplished in a short interval time such
as 10 min even with a single replicate. This is particularly important in the exponential
phase of growth, since a larger number of data-points are required for a fairly accurate
estimate of the maximum specific growth rate. Thus, this set-up is not feasible when a
large number of factors are required to be studied.
Moreover, as the number of factors increase in a factorial design, replicates are
necessary from a statistical point of view. Firstly, the spread of the data can be assessed.
Secondly, the experimenter will have sufficient degrees of freedom to assess
significance of different effects. Otherwise, the MSE (mean square of error) will be zero.

2.6

Pre-Treatment Methods Available for Mitigating the Toxic Effects of
Biomass Inhibitors
Quantifying the effects of inhibitors allows the determination of a theoretical

framework predicting the bioconversion performance once the inhibitor concentrations

25
are within a non-lethal range. This framework will allow the rational designing of
inhibitor removal strategies in order to optimize the fermentation process.

2.6.1 Zeolite based Pre-treatment
Zeolites have been shown to efficiently remove model inhibitory compounds in
lignocellulosic biomass hydrolysate for ethanol fermentation. Zeolites such as MFI, 3,
faujasite and FER were effective in the complete removal of model inhibitory
compounds for ethanol fermentation without any sugar removal [28]. Adsorption
results with zeolite 3 containing an Si/AI of 100 were optimal when the temperature
was 298 K. Xylose was not adsorbed from the fermentation media, primarily because
sugars preferred to partition in the aqueous solution when compared to the
hydrophobic adsorbent.
When further experiments were conducted with related zeolites of comparable
pore size but different Si/AI ratios, they exhibited very similar behavior and once again
showed no affinity towards sugars [28].

2.6.2 Overliming
Detoxification by overliming with Ca(OFI)2 is yet another method that has been
employed, which has been described in detail by Martinez et al. [25]. Ezeji et al. [41]
have used this procedure for pre-treating hydrolysates of DDGS (dry distiller's grains and
solubles) for the fermentative production of butanol by solventogenic Clostridia spp.

26
One of the main disadvantages of this process is the formation of an insoluble
precipitate of gypsum.
Other reports have suggested that pH adjustment with Ca(OH)2 results in better
fermentability when compared to adjustment using NaOH [45]. The detoxifying effect of
overliming is attributable to the precipitation of toxic compounds as well as to the
instability of some inhibitors at alkaline conditions (high pH).

2.6.3 Biological Mitigation
The use of enzymes is another interesting approach that has attracted recent
interest [46]. Peroxidase and laccase enzymes isolated from Trametes versicolor
increased the maximum ethanol productivity in a hemicellulose hydrolysate of willow by
two to three times [47], The main mechanism of detoxification was thought to be
oxidative polymerization of low molecular weight phenolic compounds.
Trichoderma reesei has been reported to degrade inhibitors present in steam
pretreated hemicellulose hydrolysate, which resulted in a three time increase in the
maximum ethanol productivity. The compounds that were removed by treatment with
this organism were acetic acid, furfural and benzoic acid derivatives [48].

2.6.4 Activated Carbon
Activated carbon is one of the oldest methods available for the removal of a
variety of compounds and contaminants via adsorption. This is predominantly
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attributable to its high surface area. However, one of the main drawbacks in using
powdered activated carbon is the high cost involved, since it is challenging to
regenerate. Although granular activated carbon can be regenerated by thermal
reactivation, it undergoes a 10% loss during each activation-reactivation cycle [49].

2.7

Polymer Based Removal Systems
In addition to the desirable characteristics of polymers mentioned in Section 1.7.1,

it was essential to establish other pertinent polymer selection criteria in order to
identify potential polymeric resins for the removal of inhibitory compounds. Schumack
et al. [50] and El-Shahawi [51] have suggested that the absorption of phenols into a
polymeric matrix is based on solvent extraction principles. The phenol molecule consists
of a hydrophobic benzene ring as well as a polar hydroxyl group. The latter is capable of
hydrogen-bond formation with electronegatively charged molecules, which is a suitable
characteristic to be considered when selecting a polymer with affinity towards phenol.
Thus, both hydrophobic and hydrogen-bonding interactions are likely mechanisms for
the sorption of phenols into polymers [52].

Furfural, hydroxylmethylfurfural and other furan derivatives consist of a fivemembered ring with four carbon atoms and an oxygen atom. Due to its aromatic nature
and similarities with benzene, related criteria were used for selecting polymers for the
removal of these compounds. Moreover, the furan compounds under consideration
have polar groups which can potentially participate in hydrogen bonding.
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Prpich et al. [53] used a previously adopted system for matching appropriate
solvent/target molecule systems for the preliminary assessment of suitable polymers for
the removal of phenols. The extractive screening program (ESP) database was screened
for more than a thousand different solvent molecules. The results suggested that the
ester, ether and amine functional groups were amongst the dominant ones present in
the short list of possible extractive solvents [54], These results also corresponded with
the sorption mechanism since the above-mentioned functional groups are capable of
participating in hydrogen-bonding and other hydrophilic interactions.

The following subsections briefly discuss the different types of polymers that have
been

investigated

for the removal of toxic inhibitory compounds both from

lignocellulosic biomass hydrolysates as well as wastewater streams that were based on
these polymer selection criteria.

2.7.1 Styrene acrylonitrile (SAN) and Polyvinyl chloride (PVC)
Hararah et al. [26] tested several commercial and new synthetic polymers for
phenol removal. Amongst those tested, styrene acrylonitrile (SAN) showed the highest
adsorption capacity followed by polyvinyl chloride.
Experimental results from the effect of contact time indicated that phenol
adsorption was fast at initial stages of the contact period, and subsequently became
slow as equilibrium was attained. It was proposed that SAN exhibited the highest affinity
due to the presence of the acrylonitrile group, which can form hydrogen bonds with the
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hydroxyl group of the phenol molecule. An increase in temperature significantly
increased the mass of phenol that was adsorbed on the surface of SAN.

2.7.2 HYTREL
Prpich et al. [55-57] have performed several experiments on the bioremediation
of phenol using commercial polymer beads of HYTREL, which is a 50:50 blend of
poly(butylene terephthlate):poly ether glycol. Hytrel 8206 polymer beads were used to
treat phenol contaminated soils. It was shown that in the presence of the polymer
beads, the phenol concentration dropped sharply within 24 hours from 2.3 g phenol/kg
soil to less than 0.1 g phenol/kg soil. The concentration of phenol in the polymer beads
was 27.5 mg phenol/g polymer beads, which is in accordance with the values obtained
by absorbing phenol from aqueous solutions.
Prpich and Daugulis [58] used similar beads to adsorb an aqueous mixture of
phenols (phenol, o-cresol and 4-chlorphenol) for degradation by a microbial consortium.
Partitioning experiments between the polymers and the individual compounds clearly
exhibited linear adsorption isotherms over the practical range of concentrations tested
(150 to 3000 mg/L). Similar results were obtained when these beads were used to
remove phenol as a single compound as well as in a mixture. Diffusivity studies have
shown that the uptake of phenol is very rapid, with close to 99% of the phenol being
removed in the first 3 hours. The diffusivity of HYTREL was found to be 1.54 x 10 7 cm2/s.
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2.7.3 ELVAX
Polymer beads of poly(ethylene-co-vinyl acetate), commercially known as ELVAX
25, have also demonstrated potential towards the removal of phenol. Experimental
results showed that the adsorption capacity of phenol increased linearly with increasing
vinyl acetate concentrations [53]. This was attributed to the increase in functional
groups arising from a higher percentage of vinyl acetate, since the latter resulted in an
increase in the number of sites for hydrogen bonding to occur.

2.7.4 XAD-7
Another category of polymers that have found commercial success are acrylic
ester polymers, such as XAD-7. Their main mode of removal is through hydrogen bond
formation between the carboxyl group in the matrix and the hydroxyl group on the
benzene ring [59]. Unlike non-polar polymers such as XAD-4, the ester groups in XAD-7
covalently bound on the polymeric matrix are expected to improve the hydrophilicity of
the inner surface of the adsorbent. pH studies showed that phenol uptake was constant
under acidic conditions. Adsorption studies indicated that either the Langmuir or
Freundlich isotherms provided the best fit to the data. It was also seen that phenol
adsorption onto XAD-7 was an exothermic and spontaneous process in nature [59].
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2.7.5 Cyclodextrins
Synthesized cyclodextrins are another class of polymers that have found
application in removing phenol, particularly from wastewater streams. Adsorption
experiments with crosslinked (3-CyD polymer beads showed that the phenol removal
efficiency was not as good as the fine polymer powder. It was proposed that physical
interaction in the 3-CyD polymer network and chemical interactions via hydrogen
bonding with phenol between the hydroxyl and/or amide groups were also involved in
the present sorption process [60].

2.7.6 Polymers Selected for Current Research
Based on the various functional groups that were present in the polymers
discussed in sections 2.7.1 to 2.7.5 in combination with the polymer selection criteria
outlined in section 2.7, eight different polymers were screened for affinity towards the
model compounds, the details of which are provided in Table 2-2.
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Table 2-2: Polymers Selected for the Removal of Inhibitory Compounds

POLYMER

ABBREVIATION

SUPPLIER

Styrene-butadiene-styrene

SBS

Kraton Polymers

Poly(styrene divinylbenze)

XAD-42

VWR International

Poly(l,4-phenylene ether-ether-sulfone)

PEES

Sigma Aldrich

Low Density Polyethylene

LDPE

Sigma Aldrich

High Density Polyethylene

HDPE

Sigma Aldrich

Poly[4,4'-methylenebis(phenyl isocyanate)]

MPI

Sigma Aldrich

Nylon-6

N6

Sigma Aldrich

Poly(vinylidene fluoride)

PVF

Sigma Aldrich

2.8

Objectives of the Thesis

The objectives of this thesis were as follows:
•

Development of a high-throughput assay to quantify the main and interaction
effects of inhibitors present in lignocellulosic feedstocks on S.cerevisiae DSM
1334.

•

Development o f a simple linear model correlating inhibitor concentrations on
biocatalyst performance over a relevant concentration range of multiple
inhibitors

•

Identifying candidate polymers for the removal of biomass inhibitors from
aqueous solutions and characterizing their removal efficiency.

Commercial name of the polymer was used as an abbreviation
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3

3.1

MATERIALS & METHODS

Media and Microorganisms
All media components, chemicals and reagents were of analytical grade and

obtained either from VWR International or Sigma Aldrich Canada, unless otherwise
specified. S. cerevisiae DSM 1334 was supplied as a lyophilized suspension from the
German Resource Center for Biological Material (DSMZ). They were revived by
suspending the powder in liquid media containing 10 g/L glucose, 5 g/L tryptone and 3
g/L yeast extract and subsequently maintained on agar plates with 1.5% agar and stored
at 4 °C [61].

3.2

Inoculum Development
Actively growing liquid culture of S. cerevisiae was obtained by inoculating a

loopful of cells from the agar plates into 20 mL of sterilized liquid media containing 10
g/L glucose, 5 g/L tryptone and 3 g/L yeast extract in serum bottles fitted with butyl
rubber stoppers. The cells were grown for 12-14 hours, until the OD of the cells reached
0.8-1.0 and subsequently sub-cultured in fresh media in order to maintain an active
stock.
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3.3

Long-term Storage of Cells
Cryopreservation was used for the long-term storage of yeast cells. 100 mL of

cryomedia containing 10% glycerol (cryopreservant) was prepared according to the
composition provided in Table 3-1, which was then autoclaved at 121 °C for 15 min.
10 mL of cryomedia was inoculated with actively growing cells of S. cerevisiae. This was
then divided into 1 mL aliquots and introduced into sterile vials, which were centrifuged
at 10,000 RPM for 8-10 minutes. Upon discarding the supernatant, the cell pellet was re
suspended in cryomedia containing 10% glycerol. The vials were kept on ice for 30
minutes and later frozen to -80 °C.

Table 3-1: Media Composition for Cryopreservation

MEDIA COMPONENT

CONCENTRATION (% w/v)

Glucose

5

Tryptone

1

Yeast Extract

1

(NH4)2S 0 4

0.1

k h 2p o 4

0.1

MgS04.7H20

0.05
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3.4

General Protocol for High Throughput Assay (HTA)
All high-throughput assays were carried out in triplicate in COSTAR 96-well plates

made of polystyrene. Details of the various dimensions of this plate have been
summarized in Table 3-2.

Table 3-2: Dimensions of COSTAR 96-well Plate used for HTA

FEATURE

DIMENSION (mm)

Base Length

127.76

Base Width

85.47

Overall Height

14.40

Top of Well Diameter

7.00

Bottom of Well Diameter

6.10

Well-to-Well Spacing

9.00

Well Depth

11.30

Stock solutions of the various media components were diluted in the wells to the
required concentration. A 10% (v/v) actively growing culture of S. cerevisiae was added
to all the experimental wells such that the total working volume in each well was
200 pL. 50 mM potassium phosphate buffer (pH 5.8) was used to make up the volume
for both the experimental and control experiments. The plates were aseptically sealed
with sterile PCR grade plastic films from Fisher Thermoscientific in order to prevent both
contamination and evaporation losses.
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A TECAN Infinite M200 multimode plate reader was used for measuring the
optical density of all the wells read from the bottom of the plate. The reader was
programmed using the Magallen software package, which allowed for automated online
optical density (OD) measurements and shaking. OD readings were taken every 10
minutes for 12-14 hours at a wavelength of 600 nm with 4 mm amplitude linear shaking.
The shaking was automatically stopped when OD readings were taken.

3.5

HTA for the Determination of Glucose Concentration
The high-throughput assay was first used to determine the glucose concentration

required for all subsequent experiments. It is important for glucose to be the limiting
nutrient in order to accurately calculate yield coefficients.
The initial glucose concentration used was 20 g/L, which was serially diluted by
50% in order to obtain a final concentration of 0.5 g/L (Table 3-3). It was important to
find the concentration range that resulted in cell growth not exceeding the linear range
of the OD measurements in order to accurately measure the growth rate.
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Table 3-3: Media Composition for Glucose Concentration Determination Using HTA

MEDIA COMPONENT

CONCENTRATION (g/L)

Glucose

20

Glucose

10

Glucose

5

Glucose

A53

Glucose

2

Glucose

1

Glucose

0.5

Tryptone

5

Yeast Extract

3

Stock solutions of all media components were sterilized by autoclaving at 121 °C
for 15 minutes.
Once the glucose concentration was established, an acetone control was also
incorporated in the assay in order to assess whether its addition in trace quantities
would significantly affect the growth rate. While performing experiments to investigate
the toxic effects of lignocellulosic biomass inhibitors, some of the compounds had to be
initially dissolved in acetone. The reasons will be mentioned in Section 3.6.1.
While setting up the acetone control, 1 pL of acetone was added to both the
experimental and control wells and allowed to shake at 400 RPM for 5-10 minutes on a
VWR microplate shaker to ensure complete evaporation. Although steps were taken to
ensure that acetone had evaporated, it was important to determine whether trace
quantities would in any way affect the performance of the yeast.

3 A5 stands for 5 g/L of glucose with the addition of 1 pL of acetone
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3.5.1 Evaluation of Maximum Specific Growth Rate (pmax)
Yeast or bacterial growth can be described by the following exponential relationship:
X = Xoe*

(3.1)

where,
X is the biomass concentration at time t (g/L)
X0 is the initial biomass concentration (g/L)
p. is the specific growth rate (h'1)
t is the time (h)

According to the Monod equation, specific growth rate is related to the substrate
(glucose) concentration by the following hyperbolic relationship:
II — ^rnax 1 •
^

Ks+[S]

(3.2)

where,
pmax is the maximum specific growth rate ( h 1)
[S] is the substrate concentration (g/L)
Ks is the saturation constant (g/L), which is the concentration of the substrate when
.. _

^

^max

2

However, during the exponential phase of the growth cycle, the substrate is nonlimiting, which implies that [S] » Ks.
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Therefore,

‘max

(3.3)

Hence, the exponential growth equation can be re-written by substituting equation 3.3
into equation 3.1:
lmax

(3.4)

While estimating the maximum specific growth rate, equation (3.4) was linearized by
taking the natural logarithm on both sides of the equation such that the slope of the
resulting equation yielded pmax:

ln(X) = ln(X0) + |imaxt

3.6

(3.5)

Main and Interaction Effects of the Inhibitors using an HTA in
Combination with a Fractional Factorial Design

3.6.1 Model Inhibitory Compounds
As mentioned in Chapter 2, given the large number of inhibitory compounds that
are formed during lignocellulosic biomass pre-treatment, it became imperative to
choose a suitable subset of this population that efficiently represented the widespectrum of compounds. Moreover, it was important to select both furan and phenolic
compounds, since these two classes are the most abundant amongst those found in
typical hydrolysates. In this context, four model compounds, namely furfural, furfuryl
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alcohol, ferulic add and p-coumaric add were used to quantify the effect of the
inhibitors. The compounds along with their respective structures have been summarized
in Table 3-4.

Table 3-4: Model Inhibitory Compounds Selected

COMPOUND

Furfural

STRUCTURE

lOgPoct/wat

Concentration Range

[Reference]

(g/L) [Reference]

0.41 [10]

1-5 [28, 40]

0.28 [10]

1-8 [10]

o

1.51 [17]

0-3 [41]

o
u

1.59 [17]

0-3 [19, 41]

Or
H

OH

Furfuryl Alcohol

Ferulic Acid
ho -

Coumaric Acid

U

Stock solutions of furfural and furfuryl alcohol were prepared by dissolving the
respective liquids in deionized water to a concentration of 5 g/L. Ferulic and coumaric
acids are soluble in water only at very low concentrations (100-200 mg/L). Stock
solutions of higher concentrations can be obtained by autoclaving these solutions at
121 °C for 15-20 minutes [19, 41]. However, since the thermal stability of these
compounds is unclear, it was hard to ascertain as to whether structural and/or chemical
modifications were responsible for their dissolution upon autoclaving. While high
temperatures are known to accelerate the process of dissolution, a compound that is
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truly insoluble in a given solvent will leach out once temperatures reach ambient
conditions. Thus, stock solutions were prepared in acetone to obtain a final
concentration of 10 g/L. These were subsequently re-dissolved in deionized water to the
desired concentration.

3.6.2 Experimental Design Details
The effects of the inhibitors were evaluated using a 24 1 fractional factorial design
with centre points. Centre points were used to check for curvature in the response
surface. The selection of the high level for each of the factors was chosen such that it
was not lethal to the cells, yet resulted in some inhibition of the growth [39]. Table 3-5
summarizes the factor coding as well as their respective high and low levels.

Table 3-5: Factor Coding

Inhibitor

Letter Code

High Level (+1) in mg/L

Low Level (-1) in mg/L

Furfural

A

1000

0

Furfuryl Alcohol

B

1000

0

Ferulic Acid

C

100

0

p-Coumaric Acid

D

100

0

The details of a single replicate of this design have been summarized in Table 3-6
and Table 3-7. Since the design generator was D = ABC, only the experiments that fell
under the principal fraction were run for performing the analysis. In other words, the
experiments that resulted in a positive sign on the ABCD term were actually conducted.
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Table 3-6: Fractional Factorial Design Details

Factors

4

Runs (including centre-points)

9

Blocks

1

Base Design

4 ,8

Resolution

IV

Fraction

Yt

Design Generator

D = ABC

Table 3-7: Treatment Combinations

B

c

-1

-1

-1

-1

ad

+1

-1

-1

+1

3

bd

-1

+1

-1

+1

4

ab

+1

+1

-1

-1

5

cd

-1

-1

+1

+1

6

ac

+1

-1

-1

+1

7

be

-1

+1

+1

-1

8

abed

+1

+1

+1

+1

9

CP

0

0

0

0

Std. Order

Treatment

1

(1)

2

A

D

As seen in the tables, each treatment combination was designated either by
small letters or a number. The presence of a small letter indicated that a particular
factor was present at its high level. For example, cd indicates that both factor C (ferulic
acid) and factor D (p-coumaric acid) were present at their high levels, whereas factors A
(furfural) and B (furfuryl alcohol) were present at their low levels. Treatment
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combination (1) indicates that ail factors were present at their low levels, which was 0
mg/L in the present case. CP denotes that the factors were run at the centre points,
which is the arithmetic mean of the high and low factor levels.

Since the experiment was a fractional factorial design, all the main effects were
aliased with the three factor interaction effects and thus could not be explicitly
estimated. Similarly, three of the 2-factor interaction effects were aliased with the
remaining ones (Table 3-8).

Table 3-8: Aliasing Structure

I + ABCD
A + BCD
B + ACD
C + ABD
D +ABC
AB + CD
AC + BD
AD + BC

In order to verify the aliasing structure and explain its concept, it is important to
understand how to mathematically estimate both the main and interaction effects. With
reference to the current experimental design structure, the main effect of A, designated
as lA, is a linear combination of the various treatment effects. The unit of lA will have the
same units as the response variable under consideration. The sign associated with each
effect

was

in

accordance

with

the

sign

of

factor

A

in

that

column.
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Therefore,
|A =

[ - ( l) + ad - bd + ab - cd + ac - be + abed]

(3.6)

In order to calculate the effect of the interaction term BCD, the signs of the
treatment combinations in the BCD column were first established. This was done by
simple multiplication of the signs for each of the rows in the columns for factors B, C and
D (Table 3-9).

Table 3-9: Signs of Treatment Combinations for BCD Effect

Treatment

BCD

(1)

-1

ad

+1

bd

-1

ab

+1

cd

-1

ac

+1

be

-1

abed

+1

Hence, the interaction effect of BCD is given by:

•b c

d

=

Q) [ ' ( ! )

+ ad - bd + ab - cd + ac - be + abed]

(3.7)

Thus, the linear combination of observations in column A, lA, estimated both the
main effect of A and the three-factor BCD interaction term. Two or more effects that
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have this property are called aliases [22]. The other aliasing structures can be verified on
similar lines.
Although higher-order interactions may be significant, they are typically not as
important as the main and two-factor interaction effects, especially while one is
screening or identifying the important factors that significantly affect the response
variable. Moreover, when the three and four factor interactions are pooled as an error
term, more degrees of freedom are obtained in order to accurately estimate the effects
under consideration.

3.6.3 Fermentation in 96-well plates
The media components and inhibitors along with their respective roles have been
summarized in Table 3-10.

Table 3-10: Media Components for Studying the Effect of Inhibitors

COMPONENT

ROLE

CONCENTRATION (g/L)

Glucose

Carbon Source

5

Tryptone

Nitrogen Source

5

Yeast Extract

Trace Elements

3

Furfural

Inhibitor

1

Furfuryl Alcohol

Inhibitor

1

Ferulic Acid

Inhibitor

0.1

p-Coumaric Acid

Inhibitor

0.1
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Glucose, tryptone and yeast extract [61] were sterilized by autoclaving for
15 minutes at 121 °C. Stock solutions of the inhibitors were filter sterilized using
0.45 pm cellulose acetate filters.

3.6.4 Evaluation of pmax, Yx/S and Tf
Umax was evaluated according to the procedure described in Section 3.5.1. In
order to evaluate Tf (total growth time), numerical differentiation of OD data was used
to initially estimate the rate, according to the following relationship:

d(OD) _ ODj+i-ODj
dt

"

gj

ti+i'tj

where,
ODj is the optical density of the cells at time t, (h) for i = 0,1,2,...

A moving average (MA) based on the mean of four successive rates was then
performed in order to reduce the noise in the data. The time at which the maximum
rate (as calculated by the MA method) reached 5-10% of its value was considered as the
total time (Tf), since the readings were in the stationary phase.

The OD at Tf was used to calculate the biomass yield co-efficient Yx/s (g DW
cells/g Glucose), which is the ratio of the concentration of biomass produced (in g/L) to
the concentration of substrate initially added (in g/L). If X0 (g/L) is the initial biomass
concentration, X (g/L) is the final biomass concentration and S0 (g/L) is the initial glucose
concentration, then
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(X-X0)

Yx/s =

So

(3.9)

Since the high-throughput assay involved online optical density measurements, a
suitable relation had to be established between OD and cell dry weight. The latter was
measured using the gravimetric method. 12 cellulose acetate membrane filters
(diameter 47 mm, pore size 0.47 pm) were dried at 60 °C for 24 hours in order to ensure
complete moisture removal. The filters were then allowed to cool to room temperature
in a dessicator for at least an hour. 50 mL of autoclaved media containing 10 g/L
glucose, 5 g/L tryptone and 3 g/L yeast extract was inoculated with a loopful of
S. cerevisiae from an agar plate. This was grown overnight at 30 °C and 150 RPM to
obtain an actively growing culture, which was subsequently inoculated into 950 mL of
media with the above composition and under similar conditions for 24 hrs in a shake
flask. 100 mL of the yeast suspension was filtered over a pre-weighed filter and the OD
of the solution was noted against a suitable blank in a COSTAR 96-well microplate
measured in a Tecan Infinite M200 multimode plate reader at a wavelength of 600 nm.
The suspension was then suitably diluted in order to obtain at least four experimental
data points in the curve. All measurements were carried out in triplicate.
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3.6.5 Statistical Evaluation
All statistical analysis was performed in MINITAB 16. ANOVA was used to judge
whether a main or interaction effect was significant. If the response variable is denoted
as Y, the following linear statistical model was used to fit a relationship between the
response and factor levels:
Y

= P0 + Paxa + P bxb + 3cxc + 3 dxd + Pabxaxb + 3acxaxc + 3adxaxd + e

(3.10)

where,
xA, xB, xc and xD are the coded units for the concentrations of factors A, B, C and D
respectively
pA, Pb, Pc and PD are the coefficients for the main effects A, B, C and D respectively
PAB, PACand PAD are the coefficients for the two-factor interaction effects AB, AC and AD
respectively
e is the error which is normally and independently distributed (NID) with a mean
centered around 0 and variance a , i.e., NID (0, a ).
The coefficients (P^ are one half of the factor effects (l|), since they estimate the change
in the response for a unit change in the factor level.
It was also important to check the adequacy of the model in order to ensure that
a linear relationship was appropriate. With regard to multiple regression models, it is
important to use

Radj2

as opposed to the conventional

judging model adequacy. This is because

R2

R2

value as one of the criteria for

will always increase as more terms are

added to a regression model [22], Unless the error sum of squares in the new model is
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reduced by an amount equal to the original error mean square, the new model will
actually have a larger error mean square than the old one, due to the loss of one error
degree of freedom. Hence, the new model will actually be worse than the old one,
although the R2 value might be close to unity (100%). On the contrary, Radj2 will only
increase when a variable is added to the model if the former reduces the error mean
square, according to the following equation:
SSE
n2 _
(n-P)
K adj ~ 1 ~ ssT
(n-l)

(3.11)

where
SSE is the sum of squares of error
SST is the total sum of squares
n is the total number of observations
p is the number of regressors

The adjusted coefficient of determination Radj2 is used to avoid overfitting.

3.7

Polymer-Based Removal of Model Inhibitory Compounds

3.7.1 Polymer Preparation
The polymers were washed several times in deionized water and later dried at
60 °C for 24 hrs, which were subsequently allowed to cool in a dessicator. The washing
was done to remove any storage compounds which would otherwise interfere with OD
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readings. In order to ensure that there were no trace quantities of storage chemicals,
4-5 g of polymer was added to about 20 mL of deionized water in a conical flask and
allowed to shake overnight at 150 RPM in an orbital shaker at 30 °C. The liquid was then
scanned in a Thermoscientific Evolution 60S UV-VIS spectrophotometer between 200
and 300 nm to ensure that there was no background absorbance. This wavelength range
was chosen since that encompassed the peaks of the model compounds selected (Table
3-11).

Table 3-11: Wavelengths Used to Measure the OD of Inhibitory Compounds

COMPOUND

WAVELENGTH (nm)

Furfural

277

Furfuryl Alcohol

230

Ferulic Acid

280

p-coumaric Acid

280

3.7.2 Inhibitors
The inhibitor solutions were prepared according to the procedure described in Section
3.6.1.

3.7.3 Partitioning Experiments
In order to assess the relative affinity of the microbial inhibitors towards the
polymers,

partitioning experiments were

conducted.

Beginning with

an

initial
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concentration of 500 mg/L for both furfural and furfuryl alcohol (100 mg/L for ferulic
acid and p-coumaric acid), each of the inhibitors was serially diluted four times using
deionized water by a factor of ten. 250 mg of each polymer (100 mg in the cases of
ferulic and p-coumaric acids) was added to 5 mL of the inhibitor solutions in 20 mL glass
scintillation vials. The setup was allowed to attain equilibrium in an orbital shaker at
30 °C and 150 RPM for 24 hours. The optical density of the solutions was measured on a
Greiner UV-transparent 96-well microplate made of polystyrene using a Tecan Infinite
M200 plate reader (Table 3-11). A calibration curve relating OD to concentration was
also constructed (details in APPENDIX). The concentration of the inhibitor in the polymer
phase was obtained by a simple mass balance equation:

_ y^Ce)

where,
qe is the amount of inhibitor in the polymer phase (mg/kg)
V is the total volume of solution (L),
C0 is the initial concentration of inhibitor in the aqueous phase (mg/L)
Ce is the equilibrium aqueous concentration of the inhibitor (mg/L)
W p0| is the mass of the polymer (kg)

(3.12)
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3.7.4 Assessment of Affinity Based on Partitioning Isotherms
Affinity of the polymers towards the target compounds was assessed using
isotherms since the mechanism of removal was proposed to be adsorption (surface
based removal). Linear or Freundlich isotherms were investigated based on the nature
of the data as well as previous results from literature. The linear isotherm is governed
by the following equation:

qe = KP/LCe

(3.13)

where,
qe is the

concentration of the

target compound in the polymer phase (mg/kg)

Ce is the

concentration of the

target compound in the aqueous phase (mg/L)

Kp/l is the polymer-liquid partitioning coefficient (L/kg)

The least squares method was used to fit a relationship between qe and Ce. Linear
isotherms are typically observed over a narrow concentration range particularly for
dilute solutions [62].

The Freundlich isotherm is one of the most commonly used, although its exact
theoretical
qe = KfC^/n

base

is not very clear.

Mathematically,

it can

be expressed

as:

(3.14)

where Kf and n are empirical constants for a given adsorbate and adsorbent at a
particular temperature that quantify the relative affinity of the adsorbent towards the
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target compound. A favourable partitioning in the polymer phase occurs when n > 1
[62]. The Gauss-Newton method was used to fit a non-linear relationship between the
variables.
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4

4.1

RESULTS & DISCUSSION

Glucose Concentration
All response parameters of the proposed microbial assay depended on optical

density measurements to determine biomass concentration in real time. It was crucial
that the biomass concentration did not exceed the linear range of the optical system in
order to ensure accuracy of the assay. The initial glucose concentration in the microbial
growth medium, therefore, had to be selected to achieve maximum growth within the
linear range of the instrument. As seen in Figure 4-1, 20 g/L of glucose resulted in high
cell densities that were outside of the linear range (details in APPENDIX). The apparent
long transition between the exponential and stationary phases might be due to this
optical effect. Although 10 g/L resulted in a lower cell density, it was not proportional to
the change in glucose concentration. Hence, in this regard, 5 g/L was well within the
linear range of operation with a sufficiently long exponential phase that facilitated easy
calculation of the maximum specific growth rate with an apparently negligible transition
phase.
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Figure 4-1: Yeast growth curves at tested glucose concentrations with lines (____) showing data from all 18
experiments with error bars ( | )
20 g/L (□), 10 g/L ( .) , 5 g/L (A), 2 g/L (0), 1 g/L {■), 0.5 g/L (o)

The lower glucose concentrations had very short exponential phases and hence
detection of inhibitory effects would have been difficult. Figure 4-2 shows the linear
transformation of the data in the exponential phase of growth at 5 g/L of glucose for
one of the trials. The relationship was clearly linear for the chosen method. The pmax for
this trial was 0.547 h"1.
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Figure 4-2: Linear transformation of exponential phase data for 5 g/L glucose showing data points during
exponential phase of growth (□) with linear regression (_____ )

A summary of the estimated specific growth rates at the glucose concentrations
tested is shown in Table 4-1. A two-sampled t-test (analysis not shown) indicated that
there was no significant difference between the pmax values with and without the
addition of 1 g/L acetone, validating the fact that the latter's addition in small quantities
did not affect the results in any way. The addition of acetone was necessary to test the
effect of some inhibitors which were otherwise challenging to dissolve in water.
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Table 4-1: Growth Rates at Various Glucose Concentrations

[So] (g /L )

Umax ( h 1)

20

0 .5 1 4 ± 0 .0 0 8

10

0 .5 4 0 ± 0 .0 0 8

5

0 .5 4 7 ± 0 .0 0 1

A5

0 .5 3 9 ± 0 .0 1 6

2

0 .5 3 4 ± 0 .0 0 3

1

0 .5 1 3 ± 0 .0 0 0

0 .5

0 .4 2 8 ± 0 .0 0 9

This experiment validated that the high throughput assay could be used to
estimate the maximum specific growth rate of yeast, with poorly water soluble
inhibitory compounds added to the medium in acetone (1 pL of acetone for 200 pL of
total media in each well).

4.2

Effect of Inhibitors on jimax, Yx/S and Tf using an HTA
Statistical experimental design was used to investigate the effects of furfural (A),

furfuryl alcohol (B), ferulic acid (C) and p-coumaric acid (D) on the growth rate (pmax),
biomass yield coefficient (Yx/s), and total growth time (Tf). The growth curves of
S. cerevisiae at the various treatment combinations in the factorial design are shown in
Figure 4-3. It can be seen that some of the inhibitors actually resulted in higher biomass
concentrations compared to the treatment combination without any of the added
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model compounds (combination 1). Moreover, it is also evident that some of the
inhibitors not only increased the lag time, but also slowed down the growth rate.

Figure 4-3: Growth of yeast at various treatment combinations of inhibitors with lines (____) showing data from all
27 experiments. Error bars not shown for clarity, but of the same order of magnitude as data in Figure 4-1.
No inhibitor (■); Furfural + p-Coumaric acid (X); Furfuryl Alcohol + p-Coumaric acid (□); Furfural + Furfuryl Alcohol
(o), Ferulic acid + p-Coumaric acid (0), Furfural + Ferulic acid (•), Furfuryl Alcohol + Ferulic Acid (A), All inhibitors (+),
Centre-Point {-)
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A summary of the three parameters is shown in Table 4-2 (please refer to Table 3-5 for
the factor coding).

Table 4-2: Summary of Response Variables Obtained from HTA

TREATMENT

nmax ( h 1)

Yx/s (g/g)

Tf (h)

(1)

0.586 ± 0.005

0.184 ±0.004

06.99 ±0.56

ad

0.248 ± 0.005

0.143 ±0.016

10.40 ± 0.46

bd

0.526 ± 0.004

0.192 ±0.006

07.23 ±0.20

ab

0.257 ±0.002

0.146 ±0.021

12.43 ±0.53

cd

0.557 ±0.010

0.136 ±0.021

07.92 ±0.56

ac

0.244 ± 0.004

0.091 ±0.015

12.08 ±0.66

be

0.500 ± 0.008

0.180 ±0.016

06.70 ±0.10

abed

0.242 ± 0.005

0.142 ±0.016

11.44 ±0.30

CP

0.404 ± 0.003

0.179 ±0.006

08.79 ±0.36

Figure 4-4 shows the trendlines of the response variables and it is clearly evident
that there were correlations between the three response variables.

Figure 4-4: Trendlines showing the correlation between

(____), Yx/S ( . . . . ) and Tf (___. __ .___)
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Umax and Yx/s were both positively correlated, except for treatments ab and cd.
However, both the pairs of pmax and Tf and Yx/s and Tf were negatively correlated. It is to
be expected that lower specific growth rates result in longer fermentation times. The
reduction of the yield coefficient at longer fermentation times can likely be attributed to
the fact that more metabolic energy has to be devoted to cell maintenance in the
presence of inhibitors. As the maintenance coefficient increases less energy is available
for cell growth, resulting in lower yields and longer fermentation times.

The main and interaction effects for pmax, Yx/s and Tf have been summarized in
Table 4-3 and Table 4-4.

Table 4-3: Summary of Main and Interaction Effects for p™ *and Vx/S as the Response Variables

L-Amax (hr )
TERM

EFFECT

Constant

Yx/s (g/g)

COEFF

P

0.395 ±0.001

0.000

EFFECT

COEFF

P

0.152 ±0.003

0.000

A

-0.295

-0.147 ±0.001

0.000

-0.043

-0.021 ±0.003

0.000

B

-0.027

-0.014 ±0.001

0.000

0.027

0.013 ± 0.003

0.000

C

-0.018

-0.009 ±0.001

0.000

-0.029

-0.015 ± 0.003

0.000

D

-0.003

-0.002 ± 0.001

0.194

0.003

0.002 ± 0.003

0.578

A*B

0.031

0.017 ±0.001

0.000

-0.001

-0.000 ± 0.003

0.906

A*C

0.009

0.005 ± 0.001

0.001

-0.001

-0.000 ± 0.003

0.883

A*D

-0.002

-0.001 ± 0.001

0.398

0.021

0.010 ± 0.003

0.002

0.009 ± 0.004

0.029

0.027 ± 0.008

0.005

CP
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Table 4-4: Summary of Main and Interaction Effects for Tf as the Response Variable

Tf (hr)
TERM

EFFECT

Constant

COEFF

P

9.400 ±0.092

0.000

A

4.378

2.189 ±0.092

0.000

B

0.102

0.051 ± 0.092

0.587

C

0.275

0.137 ±0.092

0.151

D

-0.304

-0.152 ±0.092

0.115

A*B

0.593

0.297 ±0.092

0.005

A*C

0.073

0.037 ± 0.092

0.695

A*D

-1.027

-0.514 ±0.092

0.000

0.614 ±0.004

0.039

CP

For both pmax and Yx/s, the main effects of A (furfural), B (furfuryl alcohol) and C
(ferulic acid) were found to have significant impact. It was interesting to note that
furfuryl alcohol had the same effect in terms of magnitude, but opposite in sign.
Amongst the main effects, only furfural had significant impact on the total time.

All the significant two-factor interaction effects were neither additive nor
synergistic, implying that the combined effect was numerically lower in comparison to
the sum of the individual effects.

Yeast and enteric bacteria are known to metabolize furans, although the exact
enzymes involved are still unclear. Cell membrane damage is also a mode of toxicity that
has been proposed. Zaldivar et al. [9] showed that both furfuryl alcohol and furfural had
a negative synergistic effect on E.coli LY01. This action emphasized the importance of
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minimizing pentose sugar degradation/destruction during hemicellulose hydrolysis. It
was also important to note that high aeration and inocula reduced the toxicity of
aldehydes, but not in the case of alcohols and acids.

No report can be found in the literature regarding the effects of furfuryl alcohol,
ferulic acid and p-coumaric acid using statistically designed experiments. However,
Palmqvist et al. [39] used factorial designs to study both the main and interaction
effects of furfural, p-hydroxybenzoic acid and acetic acid on three yeasts, namely
S. cerevisiae (baker's yeast), S. cerevisiae ATCC 96581 and Candida shehatae NJ 23 using
a 23 full factorial design with centre-points. Initial experiments indicated that there were
no main and interaction effects (a = 0.05) of the inhibitors on baker's yeast and ATCC
96581. This was primarily attributed to the high initial biomass concentration coupled
with the high inhibitor tolerance of the yeasts.

However, in the present case, the inoculum size was 10% (v/v), which was much
lower compared to the previous work carried out and could be a possible explanation as
to why all the four inhibitors had significant impact on the response variables.

A central composite design carried out by the same group of scientists with
baker's yeast suggested that the specific growth rate (p) decreased in the presence of
furfural when tested at 1 g/L, whereas it was not significantly influenced by acetic acid
alone. However, the interaction effect of these two compounds decreased p, analogous
to the current situation with furfural, furfuryl alcohol and ferulic acid [9].
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4.3

Linear Statistical Model Building, Adequacy and Validation
The statistical results in the previous section showed that curvature was not

significant for pmax and Tf at an a of 0.01 based on their respective P-values; which is an
indication that a linear model may adequately describe the relationship between the
response variable and the inhibitor levels. Other than the P-value, other parameters
needed to be analyzed in order to validate this assumption (Table 4-5).

Since the P-value of curvature for

Y x/s

was

0 .0 0 5 ,

curvature was statistically

significant and hence a linear model could not be used to establish a relationship
between the response and factor levels. However, the factor effects that were
estimated can be used for further analysis.

Table 4-5: Summary of Parameters for Validation of Linear Statistical Models

PARAMETER

M-max (hr )

Yx/s (g/g)

T, (hr)

P-value of curvature

0.029

0.005

0.039

Radj2 (%)

99.84

82.74

95.94

CP (Actual)

0.404

0.179

8.79

CP (Predicted)

0.395

0.152

9.40

2.23

15.09

6.94

Relative Error (%)

The Radj2 for the maximum specific growth rate indicated that the model
accounted for nearly all the variability in the data. A residual analysis for both
parameters did not indicate any major deviations from normalcy, although the
histogram for Tf was more skewed towards the left (Figure 4-5 and Figure 4-6).
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As a final check, the difference between the actual centre-point and model's
centre-point was calculated to investigate if the difference was large in comparison to
the magnitude of the main effects. The actual centre-point was the average of the runs
performed at the centre, whereas the predicted centre-point was the constant term of
the model since it was obtained by substituting (xA,x B,xc,xD) = (0,0,0,0) into the models
generated by MINITAB.

Figure 4-5: Residual analysis for linear model with Tf as the response
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Figure 4-6: Residual analysis for linear model with

as the response

In both cases, the difference was not of the order of magnitude of any of the main
effects, which indicated that a linear model could adequately describe a suitable
relationship between the response variables and the factor levels.

Based on these findings, the following linear models (in terms of coded units)
were constructed after dropping the non-significant terms.

pmax = 0 . 3 9 5 - 0 . 1 4 7 x a - 0 . 0 1 4 x B -

0 . 0 0 9 x c + 0 . 0 1 7 x Ax B + 0 . 0 0 5 x A x c

Tf = 9.400 + 2 . 1 8 9 x a + 0.297xAxB - 0.514xAxD

(4.1)

(4.2)
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In general:

X| (coded)

Q (actual)-C P ,
§

(4.3)

7

where,
Q is the concentration of factor i (g/L)
CPj is the average of the high and low concentrations of factor i (g/L)
Ai is the difference in concentration between the high and low levels (g/L)

By substituting equation 4.3 into 4.1 and 4.2, linear statistical models in terms of actual
units of the factor levels were obtained:

Hmax = 0.587 - 0.338Ca - 0.062CB - 0.280Cc + 0.068CACB + 0.200CACc

(4.4)

Tf = 6.994 + 4.812Ca - 0.594CB + 10.280CD + 1.188CACB - 20.560CACD

(4.5)

where CA,CB,Cc & CD are the concentrations of furfural, furfuryl alcohol, ferulic acid and
p-coumaric acid in g/L, respectively.

The response surface plots that were generated using equations 4.1 and 4.2 are
shown in Figure 4-7 and Figure 4-8, respectively. While plotting the response surfaces for
any two factors, the third factor was kept both at its high level (+1) and low level (-1).

Figure 4-7: Response surface plots of growth rate vs concentrations of furfural, furfuryl alcohol and ferulic acid
Plots on the left half of the figure were generated by keeping the third factor at its low level (-1) whereas plots on
the right half of the figure were generated by keeping the third factor at its high level (+1)
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Figure 4-8: Response surface plots of total growth time vs concentrations of furfural, furfuryl alcohol
and p-coumaric acid
Plots on the left half of the figure were generated by keeping the third factor at its low level (-1) whereas plots on
the right half of the figure were generated by keeping the third factor at its high level (+1)
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Many of the

literature values regarding the concentration of inhibitory

compounds in actual lignocellulosic biomass hydrolysate are actually much larger than
the current high-level in the experimental design. The conditions that were used to
investigate the effects of inhibitors were chosen to generate a response within a
concentration range that was below lethal limits for S. cerevisiae DSM 1334. This
concentration range is now well-characterized and a removal system to treat
hydrolysate in order to bring it into the non-lethal space was investigated in the
following section. The response surfaces and linear models can be used to estimate the
expected biocatalyst performance and will also allow for further optimization. The
quantification of the toxic effects of these inhibitors using factorial designs can be used
for the rational designing of suitable removal systems to mitigate the toxic effects of
inhibitory compounds associated with lignocellulosic feedstocks.

Although various removal systems have been previously discussed (Section 1.7),
polymer sorption systems were investigated in this study due to the several advantages
mentioned in Section 1.7.1. Hence, the following sections discuss the results from
partitioning experiments which can help identify suitable polymers for the removal of
these inhibitory compounds.

\
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4.4

Results from Polymer Partitioning Experiments

4.4.1 Styrene-butadiene-styrene (SBS)
The SBS group of polymers from Kraton Polymers™ are very versatile and
possess high strength and a wide range of hardness. Structurally, they are composed of
blocks of styrene and butadiene. They were selected as a negative control for the
polymer screening experiments based on the data obtained by Prpich et al. [63] for
polymer development for the enhanced delivery of phenol. It failed to adsorb/remove
phenol and hence was not in agreement with the polymer selection criteria previously
listed out. This could be attributed to the affinity of SBS polymers towards more
hydrophobic and water insoluble compounds.

In the present work, as anticipated, it was observed that SBS block co-polymers
failed to remove furfural, furfuryl alcohol and ferulic acid, while exhibiting negligible
affinity towards p-coumaric acid (results not shown). The fact that all initially available
solute (furfural, furfuryl alcohol, etc.) was recovered in the aqueous phase validated the
experimental set-up for the partitioning experiments and showed that no solution was
lost due to evaporation or interaction with the glass of the scintillation vial.

4.4.2 Poly(styrene divinylbenze) (XAD-4)
XAD-4 is a non-ionic cross-linked polymer with a unique macroreticular
structure, which means that it contains both a continuous polymer phase and a
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continuous pore phase coupled with a high surface area. As seen in Figure 4-9, XAD-4
removed all the four model compounds, although with varying degrees of affinity.

Figure 4-9: Partitioning of furfural (a), furfuryl alcohol

(a), ferulic acid (o) and p-coumaric acid (A) between

XAD-4

and water with linear (____) and Freundlich isotherms (..... )

Furfural and furfuryl alcohol exhibited linear adsorption isotherms (Table 4-6).
Weil et al. [40] have previously used XAD-4 for the removal of furfural from aqueous
solutions. The batch adsorption data followed a linear range as well when compared to
the current concentration range.
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Table 4-6: Partitioning Results for XAD-4

Compound

Type of Isotherm

Equation

Parameters

Value(s)

SE

Furfural

Linear

qe = Kp/I-Ce

K p /L

130.00

1.395

Furfuryl Alcohol

Linear

Qe = Kp/|_Ce

K p /L

20.177

1.326

Ferulic Acid

Freundlich

Kf

44.735

12.584

n

0.839

0.059

Kf

2.897

0.964

n

0.694

0.039

1
% = KfC£

p-Coumaric Acid

Freundlich

1
qe - KfCe

Ezeji et al. [41] have also used XAD-4 for the removal of fermentation inhibitors
present in corn stover hydrolysate. It was found that approximately 60-80% of furfural,
hydroxymethylfurfural and ferulic acid components were removed when 400 mL of feed
was pumped through 1.5 x 51 cm2 column containing 60 g of polymer at a volumetric
flow rate of 8 mL/min. Similar results were obtained in the present study, with more
than 80% removal in some cases.

4.4.3 Poly(l,4 - phenylene ether - ether - sulfone) (PEES)
PEES was included in the study to understand the affinity of sulphone and ether
groups towards the target compounds. However, unlike in the cases of XAD-4 and SBS
polymers, current literature does not mention the use of PEES for the removal of
lignocellulosic biomass hydrolysates.
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Its affinity towards both furfural and p-coumaric acid is a likely indication that
the sulphonyl groups were capable of participating in hydrogen bonding with the polar
moieties in the target compounds. The benzene groups, due to their hydrophobic
nature, were in all likelihood involved in hydrophobic interactions with the furan and
phenyl rings.

Figure 4-10: Partitioning of furfural (a) and p-coumaric acid (•) between PEES and water exhibiting linear (____) and
Freundlich isotherms

respectively

However, its lack of affinity towards furfuryl alcohol and ferulic acid requires
further investigation. The removal of these compounds may be due to absorption (by
diffusion) into the polymeric matrix, but might have been hindered due to the rigid
crystalline structure of the polymer.
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Table 4-7: Partitioning Results for PEES

Compound

Type of Isotherm

Equation

Parameters

Value(s)

SE

Furfural

Linear

9e —^P/L^e

Kp/L

61.961

7.413

p-Coumaric

Freundlich

Kf

52.640

2.690

n

1.985

0.050

1

qe = KfCÜ

4.4.4 Poly[4,4' - methylenebis(phenyl isocyanate)] (MPI)
The main reason for investigating the use of MPI was because of the presence of
urethane groups in the molecule as well as phenyl groups. Previous studies with
polyurethane foam have shown that hydrogen bonding is a likely mechanism for the
adsorption of phenol from aqueous solutions [51, 52],
Studies conducted by Anjaneyulu et al. [64] with polyurethane (PU) foam
showed that that the adsorption capacity for phenol was twice that of 1,2-dihydroxy
benzene (catechol) and 1,3-dihydroxy benzene (resorcinol) and three times that of
1,2,3-trihydroxy benzene (phloroglucinol). This showed that the affinity of PU foam
decreased with increasing number of hydroxyl groups in the target compound (phenol).
Thus, it was suggested that in addition to solvent extraction mechanism, hydrogen
bonding was also involved between the phenolic hydroxyl groups and electronegative
sites of PU foam, such that larger the number of hydroxyl groups in the target molecule,
the greater the number of extraction sites that are blocked on the PU foam medium.
Thus, failure to remove both ferulic and p-coumaric acids by MPI was in all
likelihood due to the presence of a large number of hydroxyl groups.
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Figure 4-11: Partitioning of furfural (□) between MPI and water exhibiting linear isotherm (_____ )

Table 4-8: Partitioning Results for MPI

Compound

Type of Isotherm

Equation

Parameter

Value

SE

Furfural

Linear

qe = KP/LCe

Kp/L

8.943

1.205

Its moderate affinity towards furfural has demonstrated reasonable potential to
remove furan compounds, although affinity towards furfuryl alcohol was not seen.

4.4.5 Low and High Density Polyethylene (LDPE & HDPE)
Both LDPE and HDPE were tested in order to assess whether polymers without
the presence of bulky hydrophobic groups were capable of removing the model
compounds under consideration.
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As seen in Figure 4-12, both the polymers only had affinity towards furfural. This
is an indication that both hydrogen bonding and hydrophobic interactions are necessary
mechanisms for the removal of microbial inhibitors.

Figure 4-12: Partitioning of furfural between LDPE (■) & HOPE (•) exhibiting Freundlich isotherms (____)

Table 4-9: Partitioning Results for LDPE and HDPE

Polymer

Isotherm

Equation

Parameters

Value(s)

SE

LDPE

Freundlich

1
% = KfC"

Kf

2.388

1.202

n

0.657

0.044

Kf

0.600

0.277

n

0.603

0.032

HDPE

Freundlich

1
% = KfC^
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4.4.6 Nylon-6 (N6)
Previous success with phenol removal using Nylon-6 was the main reason for
using this polymer for the attempted removal of lignocellulosic biomass inhibitors. The
following table summarizes the results of phenol loading with an initial concentration of
2000 mg/L.

Table 4-10: Polymer Loading of Phenol for Various Types of Nylon [56]

POLYMER

Nylon

TYPE

POLYMER LOADING (mg/g)

6

9.9

6/6

7.8

4/6

4.2

6/9

1.7

As seen in the table, the loading decreased with an increase in the degree of
branching, with Nylon-6 showing maximum polymer loading of approximately 10 mg
phenol/g polymer, thus making it the choice in the current situation. It was seen to have
rather low affinity towards both furfural and p-coumaric acid.

Table 4-11: Partitioning Results for Nylon-6

Compound

Type of Isotherm

Furfural

Freundlich

Equation
1
qe = KfCe

p-Coumaric

Freundlich

1
qe - KfCe

Parameters

Value

SE

Kf

0.042

0.022

n

0.499

0.025

Kf

15.705

6.941

n

0.867

0.085
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Figure 4-13: Partitioning of Furfural (■) and p-coumaric acid (•) between Nylon-6 and water exhibiting Freundlich
isotherms (____)

From a structural viewpoint, the main difference between ferulic and coumaric
acids is the presence of a methoxy group in the former. However, since this is an
aliphatic non-polar group, it could not participate in hydrogen bonding. In addition, this
group may have resulted in stearic hinderance with the binding of the polymer, which
could have possibly led to non-affinity.

4.4.7 Poly(Vmylidene Fluoride) (PVF)
Table 4-12: Partitioning Results for PVF

Compound

Type of Isotherm

Furfural

Freundlich

Equation
1

qe - Kfc C

Parameters

Value

SE

Kf

0.752

0.130

n

0.684

0.015
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Figure 4-14: Partitioning of furfural (■) between PVF and water exhibiting a Freundlich isotherm (____)

Poly-vinyl fluoridine was a novel approach to investigate whether halogen
groups such as fluorides had any affinity towards the target compound. Although there
was some affinity exhibited towards furfural, it was rather low.

4.5

Case Study for the Removal of Furfural from Aspen Wood-Chip
Hydrolysate Based on Polymer Partitioning
Based on the partitioning results in the previous section, the quantities of

different polymers can be calculated in order to remove the inhibitory compounds from
actual feedstocks. No biomass hydrolysate was available while doing the experimental
work. Therefore, literature was used to perform this sample calculation.
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Furfural clearly had the largest effect in comparison to the other
inhibitors. Since there was a trade-off between a slower growth rate and a higher
biomass concentration in the presence of furfuryl alcohol, it was proposed to keep it at
the same level. Some current literature also suggests that ferulic acid and p-coumaric
acid are at lower concentrations than the current high-level in the experimental design
[53]. Thus, it was proposed to use a batch system for polymer-based removal of furfural
in order to mitigate its effect on an actual feedstock.

Ranjan et al. [28] used acid hydrolysis as a pre-treatment method for aspen wood
chips for ethanol fermentation. The hydrolysate was found to contain 1.45 g/L of
furfural in addition to 0.16 g/L of hydroxymethylfurfural and 0.05 g/L of vanillin in a 5L
reactor with water circulation. Thus, the current furfural concentration is outside of the
experimental region. Based on mass balance and partitioning equations, the quantities
of the various polymers were calculated to reduce the concentration of furfural from
1.45 g/L in wood aspen hydrolysate to 1.00 g/L, which is the current high-level in the
factorial design used to study the effect of lignocellulosic biomass hydrolysate inhibitors
on 5. cerevisiae DSM 1334.

In general, if MT (mg) is the total mass of the inhibitor, Mp0|(mg) is the mass of the
inhibitor in the polymer phase and Maq(mg) is mass of the inhibitor in the aqueous
phase, then:

MT = Mpo| + Maq

(4.6)
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It can be assumed that there is no solute initially present in the polymer. If
C0(mg/L) is the initial concentration of furfural in the feedstock and V(L) is the total
volume to be treated, then:

Mt = V*C0

(4.7)

The desired or target concentration of the inhibitor in the aqueous phase is also
the equilibrium concentration, denoted by Ce (mg/L). Therefore, the total mass of
inhibitor in the solution at equilibrium is:

Maq - V*Ce

(4.8)

which implies that

Mpol = Mt - Maq = VC0 - VCe = v(C0-Ce)

(4.9)

The mass of inhibitor in the polymer phase is the product of the weight of the
polymer, W p0|(kg) and the concentration in the polymer phase, qe(mg/kg)

Mpoi = W polqe

(4.10)

Equating 4.9 and 4.10, one would obtain:

Wpol<?e = WQ-Ce)

0

(4.11)

V ( C -C e )

W p o ,=

q,

(4.12)
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qe can be calculated from the partitioning relationship obtained earlier. If the
partitioning is linear, then:
de “ Kp/L^e

(4.13)

On the other hand, if a Freundlich isotherm is observed, then:

(4.14)

Substituting either 4.13 or 4.14 into 4.12 results in the following two equations:

(4.15)

V (C o - C e )

(4.16)

K fC "

Hence, equations 4.15 and 4.16 can be used to calculate the mass of polymer
required to achieve the desired equilibrium (target) concentration.

Table 4-13 summarizes the masses of the different polymers required (used in
Section 4.4) per litre of aspen wood-chip hydrolysate to bring down the concentration of
furfural from 1.45 g/Lto 1 g/L.
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Table 4-13: Polymer Quantities Required per Litre of Hydrolysate to Reduce Furfural Concentration from 1.45 g/L
to 1 g/L

POLYMER

QUANTITY REQUIRED (g)

XAD-4

3.46

PEES

7.26

MPI

50.32

LDPE

5.12

HDPE

7.96

N6

10.42

PVF

24.61

Although XAD-4 is required in the least quantity, LDPE and PEES might be more
feasible options due to their lower costs. If purchased from Sigma-Aldrich, it would cost
$244/kg, $52/kg and $180/kg for XAD-4, LDPE and PEES respectively. However, when
polymers such as LDPE is produced in bulk, the prices are much lower (< $l/lb ) [65].

In order to demonstrate the efficacy of these polymers, the masses of these
three polymers was calculated at various inhibitor concentrations within the sub-lethal
space in order to investigate its effect on pmax. A summary of the calculations is provided
in Table 4-14.
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Table 4-14: Masses of XAD-4, LDPE and PEES Required per Litre of Hydrolysate for Removing Furfural

Ce (mg/L)

Ce (Coded)

Umax ( h 1)

XAD-4 (g)

LDPE (g)

PEES (g)

1000

1.0

0.248

3.46

5.12

7.26

900

0.8

0.277

4.70

7.34

9.86

800

0.6

0.307

6.25

10.38

13.11

700

0.4

0.336

8.24

14.68

17.29

600

0.2

0.366

10.90

21.03

22.86

500

0.0

0.395

14.62

31.02

30.66

400

-0.2

0.424

20.19

48.15

42.37

300

-0.4

0.454

29.49

81.72

61.87

200

-0.6

0.483

48.08

164.64

100.87

100

-0.8

0.513

103.85

510.69

217.88

Based on the values in the table as well as the trend lines in Figure 4-15, pmax can
be increased with increasing polymer mass, which is attributable to the removal of
larger quantities of furfural. A detailed economic evaluation would have to be
undertaken in order to specify the optimum amount of polymer, however such a
calculation is not within the scope of this thesis.
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Figure 4-15: Effect of increasing polymer mass of XAD-4 (____ ), LDPE (.....) and PEES

on p™*

Thus, it is clearly evident that the investigated polymers have the potential to
remove furfural and hence enhance the performance of the biocatalyst.
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5

5.1

SUMMARY & CONCLUSIONS

Effect of Inhibitors using High-Throughput Assay (HTA)
Given the number of compounds that are present in typical lignocellulosic biomass

hydrolysates, a high-throughput assay was developed to investigate the main and
interaction effects of four model compounds on the growth, biomass yield and total
growth time for 5. cerevisiae DSM 1334. The assay was based on automated online
optical density (OD) measurements in 96-well COSTAR microplates.

Four model inhibitory compounds, namely furfural (A), furfuryl alcohol (B), ferulic
acid (C) and p-coumaric acid (D) were selected on the basis of their structural and
functional properties to study the inhibitory effects on pmax, Yx/s and Tf. A 24 1 fractional
factorial design with centre points was used to quantify the main and two-factor
interaction effects, with the three and four-factor interactions aliased with the main
effects. Centre-points were included in the model to check for curvature in the response
surface. Blocking was not necessary since all experiments could be carried out in a single
96-well plate.

Furfural, furfuryl alcohol and ferulic acid all had significant effect on the response
variables, with furfural having the largest effect in terms of magnitude. Although most
of the two-factor interaction terms were significant, they were neither additive nor
synergistic.

J

87
A linear statistical model was investigated to fit a relationship between the
response variables pmax and Tf and the factor effects, since curvature was not significant
at a significance level a of 0.01. Based on residual analysis, response surface and
contour plots, it was concluded that the linear models were adequate. They were used
to create a suitable framework for the design of inhibitor removal systems to mitigate
the toxic effects of the compounds.

5.2

Polymer Screening for the Removal of Microbial Inhibitors
Eight different polymers were used to perform partitioning experiments to

determine their relative affinity towards the target compound based on established
polymer selection criteria. Amongst those screened, XAD-4 was the only polymer that
exhibited affinity towards all the four model compounds. On the other hand, SBS block
co-polymers did not exhibit any affinity, which was actually in agreement with literature.
Most of the other polymers exhibited affinity only towards furfural, which was
advantageous since it had the largest impact on the all the three response variables for
S. cerevisiae DSM 1334.

Based on a case study for the removal of furfural from aspen wood chip
hydrolysate, the masses of different polymers needed to bring down the concentration
from 1.45 g/L to 1 g/L in 1 L of the hydrolysate were calculated based on mass balances
and partitioning equations. Although XAD-4 was required in the least quantity, it was
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proposed to use other polymers such as LDPE and PEES in addition to XAD-4, primarily
for cost benefits.

It was observed that increasing the masses of these three polymers had a positive
effect on the growth rate due to the removal of furfural, thus showing their efficacy.

5.3

Recommendations for Future Work
Although most of the inhibitors had significant impact on the three response

variables, compounds such as furfuryl alcohol, ferulic acid and p-coumaric acid can
possibly be used at higher concentrations in order to further widen the non-lethal
space. Moreover, a wider selection of compounds in combination with more robust
statistical designs can be implemented, which would provide a suitable platform for
further optimization.

Recent interest has shifted to the fermentative production of biobutanol by
solventogenic Clostridia, such as C.acetobutylicum, C.beijerinckii, C.saccharobutylicum,
from lignocellulosic biomass. Hence, similar compounds will be encountered by these
bacteria, thus enabling the high-throughput assay that was developed to study the
effect of inhibitors on the growth and butanol yield.

Polymers such as XAD-4 and PEES can be used in column mode for the continuous
removal of fermentation inhibitors. The column dynamics can be modelled, which could
be utilized for treating actual hydrolysate.

89

6

REFERENCES

1. Naik SN, Goud VV, Rout PK, Dalai AK. Production of first and second generation
biofuels: A comprehensive review. Renewable and Sustainable Energy Reviews.
2010;14(2):578-97.
2. Gomez LD, Steele-King CG, McQueen-Mason SJ. Sustainable liquid biofuels from
biomass: The writing's on the walls. New Phytol. May 2008;178(3):473-85.
3. Zabaniotou A, loannidou 0 , Skoulou V. Rapeseed residues utilization for energy and
2nd generation biofuels. Fuel. 2008;87(8-9):1492-502.
4. Pauly M, Keegstra K. Cell-wall carbohydrates and their modification as a resource for
biofuels. The Plant Journal. 2008;54(4):559-68.
5. Lee S, Speight JG, Loyalka SK. Hand book of alternative fuel technologies.; 2007.
6. Shafizadeh F. Introduction to pyrolysis of biomass. J Anal Appl Pyrolysis.
1982;3(4):283-305.
7. Delgenes JP, Moletta R, Navarro JM. Effects of lignocellulose degradation products on
ethanol fermentations of glucose and xylose by saccharomyces cerevisae, zymomonas
mobilis, pichia stipitus, and Candida shehatae. Enzyme Microb Technol. 1996;19:220.
8. Klinke HB, Thomsen AB, Ahring BK. Inhibition of ethanol-producing yeast and bacteria
by degradation products produced during pre-treatment of biomass. Appl Microbiol
Biotechnol. 2004 Nov;66(l):10-26.
9. Zaldivar J, Martinez A, Ingram LO. Effect of selected aldehydes on the growth and
fermentation of ethanologenic escherichia coli. Biotechnol Bioeng. 1999 Oct 5;65(1):2433.
10. Zaldivar J, Martinez A, Ingram LO. Effect of alcohol compounds found in
hemicellulose hydrolysate on the growth and fermentation of ethanologenic escherichia
coli. Biotechnol Bioeng. 2000 Jun 5;68(5):524-30.
11. Qureshi N, Saha BC, Hector RE, Dien B, Hughes S, Liu S, et al. Production of butanol
(a biofuel) from agricultural residues: Part II - use of corn stover and switchgrass
hydrolysates. Biomass Bioenergy. 2010 201004;34(4):566-71.
12. Saha BC, Bothast RJ. Pretreatment and enzymatic saccharification of corn fiber. Appl
Biochem Biotechnol. 1999 Feb;76(2):65-77.

90
13. Qureshi N, Ezeji TC, Ebener J, Dien BS, Cotta MA, Blaschek HP. Butanol production by
Clostridium beijerinckii. part I: Use of acid and enzyme hydrolyzed corn fiber. Bioresour
Technol. 2008;99(13):5915-22.
14. Jesse TW , Ezeji TC, Qureshi N, Blaschek HP. Production of butanol from starch-based
waste packing peanuts and agricultural waste. J Ind Microbiol Biotechnol. 2002
Sep;29(3):117-23.
15. Ezeji TC, Qureshi N, Blaschek HP. Bioproduction of butanol from biomass: From
genes to bioreactors. Curr Opin Biotechnol. 2007 Jun;18(3):220-7.
16. Qureshi IM, Saha BC, Cotta MA. Butanol production from wheat straw hydrolysate
using Clostridium beijerinckii. Bioprocess Biosyst Eng. 2007 Nov;30(6):419-27.
17. Zaldivar J, Ingram LO. Effect of organic acids on the growth and fermentation of
ethanologenic escherichia coli LY01. Biotechnol Bioeng. 1999;66(4):203-10.
18. Larsson S, Quintana-Sainz A, Reimann A, Nilvebrant NO, Jonsson U. Influence of
lignocellulose-derived aromatic compounds on oxygen-limited growth and ethanolic
fermentation by saccharomyces cerevisiae. Appl Biochem Biotechnol. 2000 Spring;8486:617-32.
19. Ezeji T, Qureshi N, Blaschek HP. Butanol production from agricultural residues:
Impact of degradation products on clostridium beijerinckii growth and butanol
fermentation. Biotechnol Bioeng. 2007 Aug 15;97(6):1460-9.
20. Chen C-, Blaschek HP. Acetate enhances solvent production and prevents
degeneration in clostridium beijerinckii BA101. Appl Microbiol Biotechnol.
1999;52(2):170-3.
21. Cline J. "ELISA redux" 96-well plate chromatography challenge. 2009.
22. Montgomery D, Runger G. Applied statistics and probability for engineers. 4th ed.
John Wiley & Sons, Inc., U.K.; 2007.
23. Monitoring growth of beer brewing strains of saccharomyces cerevisiae - the utility
of synergy H I for providing high quality kinetic data for yeast growth applications
[Internet], [updated 17-Nov-10.
24. Franden MA, Pienkos PT, Zhang M. Development of a high-throughput method to
evaluate the impact of inhibitory compounds from lignocellulosic hydrolysates on the
growth of zymomonas mobilis. J Biotechnol. 2009 Dec;144(4):259-67.

91
25. Martinez A, Rodriguez ME, L.Wells M, York SW, Preston JF, Ingram LO. Detoxification
of dilute acid hydrolysates of lignocellulose with lime. Biotechnol Prog. 2001;17(2):28793.
26. Hararah MA, Ibrahim KA, Al-Muhtaseb AH, Yousef Rl, Abu-Surrah A, Qatatsheh A.
Removal of phenol from aqueous solutions by adsorption onto polymeric adsorbents.
Journal of Applied Polymer Science. 2010;117:1908.
27. Anbia M, Ghaffari A. Adsorption of phenolic compounds from aqueous solutions
using carbon nanoporous adsorbent coated with polymer. Applied Surface Science.
2009;255:9487.
28. Ranjan R, Thust S, Gounaris CE, Woo M, Floudas CA, Keitz Mv, et al. Adsorption of
fermentation inhibitors from lignocellulosic biomass hydrolyzates for improved ethanol
yield and value-added product recovery. Microporous and Mesoporous Materials. 2009
20090601;122(l-3):143-8.
29. Rehmann L, Sun B, Daugulis AJ. Polymer selection for biphenyl degradation in a
solid-liquid two-phase partitioning bioreactor. Biotechnol Prog. 2007 Jul-Aug;23(4):8149.
30. Yang WC, Shim WG, Lee JW, Moon H. Adsorption and desorption dynamics of amino
acids in a nonionic polymer sorbent XAD-16 column. Korean J Chem Eng.
2003;20(5):922.
31. Meshko VD, Markovska LT, Minceva MB, Cibulic VV. Modelling of a fixed bed
adsorption column for waste water treatment. J Serb Chem Soc. 1998;63(11):891.
32. Bobleter O. Hydrothermal degradation of polymers derived from plants. Progress in
Polymer Science. 1994;19(5):797-841.
33. Campbell MM, Sederoff RR. Variation in lignin content and composition
(mechanisms of control and implications for the genetic improvement of plants). Plant
Physiol. 1996 Jan;110(l):3-13.
34. Dunlop AP. Furfural formation and behaviour. Ind Eng Chem. 1948;40:204.
35. Fengel D, Wegener G. Wood, chemistry, ultrastructure, reactions. Walter de Gruyter,
Berlin; 1989.
36. Sarkanen KV, Ludwig CH. Lignins: Occurance, formation, structure and reactions.
Wiley-lnterscience, New York; 1971.

92
37. PalmqvistPresent address: Danisco Biotechnology, P.O. Box 17, DK-1001
Copenhagen K,Denmark., Eva, Hahn-Hagerdal B. Fermentation of lignocellulosic
hydrolysates. II: Inhibitors and mechanisms of inhibition. Bioresour Technol.
2000;74(l):25-33.
38. Lawther JM, Sun R. The fractional characterisation of polysaccharides and lignin
components in alkaline treated and atmospheric refined wheat straw. Industrial Crops
and Products. 1996;5(2):87-95.
39. Palmqvist E, Grage H, Meinander NQ, Hahn-Hagerdal B. Main and interaction effects
of acetic acid, furfural, and p-hydroxybenzoic acid on growth and ethanol productivity of
yeasts. Biotechnol Bioeng. 1999 Apr 5;63(l):46-55.
40. Weil JR, Dien B, Bothast R, Hendrickson R, Mosier NS, Ladisch MR. Removal of
fermentation inhibitors formed during pretreatment of biomass by polymeric
adsorbents. Ind EngChem Res. 2002;41(24):6132-8.
41. Ezeji T, Blaschek HP. Fermentation of dried distillers' grains and solubles (DDGS)
hydrolysates to solvents and value-added products by solventogenic clostridia.
Bioresour Technol. 2008;99(12):5232-42.
42. Fein J, Barber D, Charley R, Beveridge T, Lawford H. Effect of commercial feedstocks
on growth and morphology of zymomonas mobilis. Biotechnol Lett. 1984;6(2):123-8.
43. Banerjee N, Bhatnagar R, Viswanathan L. Inhibition of glycolysis by furfural in
saccharomyces cerevisiae. European J Appl Microbiol Biotechnol. 1981;ll(4):226-8.
44. Tran A, Chambers R. Red oak wood derived inhibitors in the ethanol fermentation of
xylose byPichia stipitis CBS 5776. Biotechnol Lett. 1985;7(ll):841-5.
45. van Zyl C, Prior BA, du Preez JC. Acetic acid inhibition of d-xylose fermentation by
pichia stipitis. Enzyme Microb Technol. 1991 199101;13(l):82-6.
46. Cho DH, Lee YJ, Urn Y, Sang Bl, Kim YH. Detoxification of model phenolic compounds
in lignocellulosic hydrolysates with peroxidase for butanol production from Clostridium
beijerinckii. Appl Microbiol Biotechnol. 2009 Jul;83(6):1035-43.
47. Jonsson U, Palmqvist E, Nilvebrant N-, Hahn-Hagerdal B. Detoxification of wood
hydrolysates with laccase and peroxidase from the white-rot fungus trametes versicolor.
Appl Microbiol Biotechnol. 1998;49(6):691-7.
48. Palmqvist E, Hahn-Hagerdal B, Szengyel Z, Zacchi G, Reczey K. Simultaneous
detoxification and enzyme production of hemicellulose hydrolysates obtained after
steam pretreatment. Enzyme Microb Technol. 1997;20(4):286-93.

93
49. Froelich EM. Seminar on control of organic chemical contaminants in
drinking water, Cincinnati. 1978.
50. Schumack L, Chow A. Extraction of aromatic organic compounds by polyurethane
foam. Talanta. 1987;34(ll):957-62.
51. El-Shahawi MS. Retention and separation of some organic water pollutants with
unloaded and tri-n-octylamine loaded polyester-based polyurethane foams. Talanta.
1994;41(9):1481-8.
52. Dmitrienko SG, Myshak EN, Pyatkova LN. An empirical relationship between
distribution coefficients of phenols by polyurethane foams and their octanol-water
distribution constants and pKa values. Talanta. 1999;49(2):309-18.
53. Prpich GP, Daugulis AJ. Biodegradation of a phenolic mixture in a solid-liquid twophase partitioning bioreactor. Appl Microbiol Biotechnol. 2006 Sep;72(3):607-15.
54. Bruce U, Daugulis AJ. Solvent selection strategies for extractive biocatalysis.
Biotechnol Prog. 1991 Mar-Apr;7(2):116-24.
55. Prpich GP, Rehmann L, Daugulis AJ. On the use, and reuse, of polymers for the
treatment of hydrocarbon contaminated water via a solid-liquid partitioning bioreactor.
Biotechnol Prog. 2008 Jul-Aug;24(4):839-44.
56. Prpich GP, Daugulis AJ. Polymer development for enhanced delivery of phenol in a
solid-liquid two-phase partitioning bioreactor. Biotechnol Prog. 2004 NovDec;20(6): 1725-32.
57. Prpich GP, Daugulis AJ. Enhanced biodegradation of phenol by a microbial
consortium in a solid-liquid two phase partitioning bioreactor. Biodegradation. 2005
Aug;16(4):329-39.
58. Prpich GP, Adams RL, Daugulis AJ. Ex situ bioremediation of phenol contaminated
soil using polymer beads. Biotechnol Lett. 2006 Dec;28(24):2027-31.
59. Pan B, Pan B, Zhang W, Zhang Q, Zhang Q, Zheng S. Adsorptive removal of phenol
from aqueous phase by using a porous acrylic ester polymer. J Hazard Mater. 2008 Sep
15;157(2-3):293-9.
60. Yamasaki H, Makihata Y, Fukunaga K. Preparation of crosslinked 3-cyclodextrin
polymer beads and their application as a sorbent for removal of phenol from
wastewater. J Chem Technol Biotechnol. 2008;83:991-997.

94
61. Bettelheim KA, Gray IL Acetate-glyoxylate medium for the sporulation of
Saccharomyces cerevisiae. J Appl Bacteriol. 1963;26:224.
62. Cussler EL. Diffusion: Mass transfer in fluid systems. 3rd ed. Cambridge University
Press; 2007.
63. Prpich GP, Daugulis AJ. Polymer development for enhanced delivery of phenol in a
solid-liquid two-phase partitioning bioreactor. Biotechnol Prog. 2004 NovDec;20(6):1725-32.
64. Anjaneyulu Y, Marayya R, Prabhakara Rao R, Kumar PVS. Removal and recovery of
priority pollutant phenols from industrial effluents using polyurethane foam medium.
Oil and Chemical Pollution. 1990;7(4):349.
65. Sherman LM. Commodity prices fall; more dips coming. Plastics Technology. 2011.

95

7 APPENDIX

Figure 7-1: Calibration curve of OD vs Furfural Concentration (OD = 0.075*Ce)

Figure 7-2: Calibration Curve of OD vs Furfural Alcohol Concentration (OD = 0.082*Ce)
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Figure 7-4: Calibration curve of OD vs p-Coumaric Acid Concentration (OD = 0.064*Ce)
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Figure 7-5: Calibration Curve of OD vs Cell Dry Weight (OD = 0.497*DW)

